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Abstract

The microstructure, morphology, size of the precipitates and the orientation
relationships with the Cu matrix in the as-cast Cu-0.4%Cr-0.12%Zr-0.01%Si alloy
were investigated. Different states of precipitation strengthened Cu-0.4%Cr-0.12%
Zr-0.01%Si alloy were prepared by a combination of both the cold drawing and heat
treatment. After sufficient research on Cu-0.4%Cr-0.12%Zr-0.01%Si wire, the process
to get the excellent performance of the alloy was obtained. The effect of heat treatment
and cold drawing on the microstructure and the properties of the wires were
investigated. Moreover, the related properties of the Cu-0.4%Cr-0.12%Zr-0.01%Si
contact wires were compared with the current Cu-Sn and Cu-Mg contact wires.

There are four phases in the as-cast Cu-0.4%Cr-0.12%Zr-0.01%Si alloy, which are
Cu matrix, pure Cr, CusZr and Cr;Si. The Cr;Si particles have smaller size and
diffusive distribution than the Cr particles in the Cu matrix. This implies that the
addition of Si constituent can result in the refinement of Cr precipitation. The
mechanical properties for the aged alloy without solution treatment are higher than
those for the alloy with solution treatment and aging because there can be a more
excellent combination of both dispersion strengthening and work hardening in the
aging process for the alloy without solution treatment. If the as-cast Cu-0.4%
Cr-0.12%Zr-0.01%Si alloy drawn to 77 = 1.8 is directly aged at 500°C for 1 h and then
drawn to 77~ 3.8, the tensile strength and relative electrical conductivity can reach 600
MPa and 84.8 %IACS, respectively.

At large draw ratios (77 = 3.8), the microstructure develops into filamentary
morphology which significanltly changes the properties. The work-hardening exponent
of the wires after heat-treatment is smaller than the wires without heat-treatment at the
same draw ratio. The pile-ups of the dislocations around the precipitates and the
incoordinate strain between the precipitate and Cu grain will increase the strength and
elastic modulus of the alloy. As the draw ratio increases from 3.8 to 5.6, the tensile
strength and the strain hardening exponent rise slowly because of the interaction

between the dislocation and precipitate dominates the strain hardening behavior. As the
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draw ratio increases from 5.6 to 8.8, the tensile strength and the strain hardening
exponent rise rapidly because of the interaction between the interface and precipitate
dominates the strain hardening behavior. The analysis of the fracture morphology for
the Cu-0.4% Cr-0.12%Zr-0.01%Si alloy in tensile test indicates that the ductile
fracture changes gradually to brittle fracture as the draw ratio increases.

The ultimate tensile strength and the thermal softening resistance of the
Cu-0.4%Cr-0.12%Zr-0.01%Si contact wires are significantly higher than those of
current Cu-Sn and Cu-Mg contact wires. The Charpy impact toughness of
Cu-0.4%Cr-0.12%Zr-0.01%Si alloy, whether at room temperature or at -40°C, is
significantly higher than that of Cu-Sn or Cu-Mg alloy. The three alloys fail to show
the brittle-transition phenomenon in the impact toughness tests from ambient
temperature to -40°C. The conductivity of the Cu-0.4%Cr-0.12%Zr-0.01%Si alloy is
only about 7% lower than that of the Cu-Sn alloy, but significantly higher than that of
Cu-Mg alloy.

Keywords: Cu-Cr-Zr-Si alloy, precipitation strengthening, microstructure, property,

heat treatment, cold drawing, strain hardening
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AU RN ERREZEOUBTELXE. FENERRE S Cu-Cr-Zr 24
ARARUBBEIEZIAMND BEL AL TE. REHEVARURKEBHRENS
FEFETAEHFELAE, FRETRAMN o RIH1240,



WL NS fifi - R X it

1.2 B # 3 Cu-Cr-Zr A2 W TAR

12.1 44 TEN Cu-Cr-Zr 64K B

—BKH, CubLHNBFERBER—MTE, RREHNREMR, BEH
Wi P ERAERE. FLORHEREGT Cu AR EE NP MZH X st
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Bk 1422 HVE,
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PR K #4800 MPa. . %% X F75 %IACSH Cu-Cr-Zré 4.
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B LB T oA 30 Aok B i g U8, 3 o5 B 9 ik o 8 T PR S B 9 i RAE(3.5 mas)
Bf, TREFHEREREN 20 um WHAFNREASR; WRE T TRRETHRE
Bl R, FEENELAATINZARE: FUESRBEHRREKAK,
RFoPOBUAHHEORBEKK. FREXA, RAHIRRALHELTIU
FER ATt A R B AR

TR TEEEH Co-Cr-Zr 2464, HEBHBAERAGZE, MEAEH
#E, AEH BRSO EHEE, CuEAKFH R Zr FATH I RAE
A, MBS HELEE M, 8D RENE_HETEL T BE S WHT,
54640 8MANGELH N ERELARTE N, BIRALWREMANKL
Ha.

Cu-Cr-Zré 4R — ML BAAERE T4, AMEPAR. &4, Bik¥
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#1.1 Co-Cr-ZrZ oA KE T AL R B &Y 5K
Table 1.1 The possible precipitates and the crystallographic parameters of Cu-Cr-Zr alloy after aging

Phase Crystal structure Lattice constants
Cu-Cr soluti foc 0 at%Cr:a=0.36152nm; 0.97 at%Cr: a=0.36177nm; 0.63
r solution
soHe at%Cr: a=0.36196nm
CusZr fec a=0.687nm
CuyZr tetragonal a=0.504nm; b=0.492nm; ¢=0.664nm
CuziZry4 hep a=1.125nm; ¢=0.8275nm
cubic 2=0.32204nm; c=1.11832nm
CusZrs T=1200K
Si;Mo-type subcell: a'=1.414a; ¢'=1/3¢
CusZr, T=1200K tetragonal 2=1.592nm; ¢=1.132nm
cubic a=0.7208nm
a-CrZZr
Cu,Mg-style Zr-Zr: 0.3121nm; Cr-Cr: 0.2548nm; Zr-Cr:0.2988nm
hep a=0.5102nm; c=0.8532nm
B-Cl'zZl’
Mg;Zn,-style Zr-Zr: 0.308.9nm; Cr-Cr:0.2551nm; Zr-Cr:0.2991nm
Zr hep a=0.3232nm; ¢=0.5148nm
Cr bee a=0.2885nm

Cu-Cr 64 BIH AR AXRIRRAELLNEHRAE, H#A44
EAEAEETRERIEH 3354 RREARE Cr M, EBME X Z T N-W 7%
KRR K-S L.

CrHMENE RRE Co B ERE, BRHKARK fec ZHHERT L A,
M RmEe L, HEEEHERN bee, FH. CuZr. Cu-Zr-Si &4HATE
MAEEK CusZr, BATFEHEGQIE, BH5HE 02 EEEQD](112)p
w11 & R AN Si ZEH ik, R A W A%, #H K. Cu-Zr-Si
ZANE A FEMEN003E L, 54T W T 84 A F ey Ao,

Batra% 9% 317 Cu-0.8%Cr-0.08%ZrF HE H Al —H 2 BB IR FHKE
MACrH, WHEERSIRFTLUBM, 5 —HEEBEIMBST LB FKATH
f, EMERFY: dadERER BARTEER? TRMCHRFE? HFH
beeVLIR AR . JTIEA HE 5 AR 2 M Heuslert 1 2 1, BF %A K & (CrCuy(Zr)).
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Tang %A T Cu-0.65%Cr-0.1%Zr-0.03%Mg a4, IR A &4 & 47 H A # 47 1
XA HAS A2 —FREENER, F—H2HEN B, LdR2ER
A R AR /N FS am# /N GPR, EFHE AT RIAN B EFHE,
EXRAGTHRGE. B\EBKEL. TR EZEK, 2888/ 1EH
BARTGPR, MEt& 2 BEHEE. & FH4 KW ILKAM N Heusler A (CrCuy
(ZrtMg) ), HE5FEKZ [E 5% EN-WHLAH X % . ZES00°CH LA FF A, 5#K
ZENMARRBR AR SR AR ELER, A0 AR AR
CrfaCuZrif R, &ENNEHEFMHA: —FAFHR, F—HEAH5mm
B8 CusZr & 8] H JE.

RENFARBEFENCU-Cr-Zrd 2 ¥ —RABRE T EHOEH. RT X
HERERZEHEEXRENAR, EECU-Cr-Zid AN IHE T L b 44 T
FH, BT ERAREBRESL AN ER. BRI EHELE RGNS,
RERESH AL A% RS E & AR,

1.2.4 Cu-Cr-Zr &4t % AL E

Cu-Cr-Zr& &P NE R THLAFHM LM E Culk kTR, AL
RAH AR P TR CuR AR ZFHEHAHE, NEAECuk kR ARANME
CRERNRMAEFATEAY. BRGHEEHGME 5 AR AR ER,
RERARE A R EMA G, HMESTMNES. H5 LEE
WYPEERGREFR AT EARE, RGO EMEN G ELRE, L%
BHWRZ B,

AL 6k E, JORBAT AU T LA BB R LA, Bixd
BUNBATRER o, RERAE—SHRBENELE, REAT M UREE
HENEHKEE, EHBRLTXTRREESHEAT L.

(1) ARERENL. ARNZEBRETFERRLBIAFE RN EREH,
AR R 3, LR HERLENESD,

Q) ENIARYHES. wRIVRARK, EBITRDH, TR
TR T RAT A, FUIeM 5 REEE. BB H RARLNSHE A,
fir 58 7T LA 41 3¢,
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() REEN. BNRAREX G THEABE A E, B3 S T
RERE, S@EHRTUARTFZIAOLEEL, ATSSET, XBEhYEH
FEAD. NEARKBANTE, ERTFREE T —BASR, EABHE,
PR WRE, AT oA BIAER TR, ok HE R o .

FREADPCCIZE Lo AT, Cu-Cr-Zrd A B AR EK. 4
WLRAM, RAARMERELSHML. AT, IHKHEAZEKRBEAE, R
BRBHRANFRERE, NTERETE, Btey.

1.2.5 Cu-Cr-Zr & 2% XN 12 F IR J7-B F4T 4

Hollomon™ 42 ity £ B BM S L A W AR AR 0 =ke" ¥ 3R R4
EURXHMBHNA-MEXEZ. T4 A Hollomonk % B4, R AL Hn
ERBRTHBXAEFTENKEEMEA A IERE RN, AARLAEZAH
HRBITRBE A EAE RN R EEA AN B HBRES. SR EE. i
KNI A7 AR AR o S e i BB, gk A lE A X

HUBEEBRERMBN N-RETANEESEZ—. EHRIETII AR
B BUEEZEMPABRHRENEH, ENATUEmESEE, WA
NERAN BB ETP), Beusse™4% ARt Cu-Fe &4 RBHTHMN, BETUT
AR

— 40
AE = I—E@ -0,(8) f(g)dg )
oo

AFgR FFATTFRM T MWk E, Eg) RFghH LHEMBE, s(g) X7
gH W LWRAR N, flg) RTFgHAMER. WHENRXBAZEN hFm L%
HEE, ARHXBNZEE T A EEEEE, ERRAGETARNE TN
K. MHEfcH BEE, IRAZEXNHAEL.

Cu-Cr-Zte £ BB ANERBEZEARLKEN TURAREH<111>54,
<UAELAHE B Y TELNHELM LA, HEEHW B M, 245
B, BREMEEN<N>EHENRT A LAMBAH T o RE SR
,Iﬁ ﬁ E,[74,76-78] i
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Bl B AR R R AR R, b FAT AR T s B A R 5 CuikZ
ERMEFHRE, CalMRZEN Y, WAMAERTREN T, HFRBEWREL
BER A%, EA640HEEMBEREH M,

RERBAREHALRNXZEE. LM BNEUEBRREEEN
XEARELIAS: EXFAREREREN, LEHBNEUEEHREHENWA
BRAAHER-RAREY. EREIMOEoRIEE, BRAEEE LMK,
RemAARHEEMRERENABTEEAS; YRELEREEZ MG
HEERE, FERERAEN, ZEMRAREMENRALK LRERES
FTEHTREGREEN, AEMBARBEE NPT AERAEEEN TR,
ZEPEFELEREN, FERRNLOHAMENPHNEXEER, WARE
BEFRMAEMET, WIFERKLEN.

1.2.6 Cu-Cr-Zr& 2 2 A fER

AMCu-CrfuCu-Cr-Zr& 4 SRl BN EER M NFE. EHFRTERRL
Cu-NbFiCu-Agt4 B ol B AF KL RS, A hCuXE4HEFTER HEH
Bogtsl ey, W

Poux = Pobo t Pimp t Pais T Pim ®

HA %m0 2diss Zimps P HIRFF. . BARTFRARURRE R TFHHK
RERGIRAELEESE. AFFTRAMGEENTRREKR, FTRAEER
BENPHITE R ERETUASCOR BERE, B FRARMERETIREAHE
RMETHBRAERALE —HAERAARS, FUBIRAEEEARTUE
ZHMH-RTURE SRR, REZERNEARER S ENCU-Cr-Zrd 2K &
BREFECENELREE. AN EX 2mf ¥R, MERXMEHH K, UL
BAERN BRI n, 2o MEZEA. R, YCud2BRIZAXHE, Cutk
hismt, REFEXRENE P, B2 REE 8T ERTER™, Hrg
5ot b RS, BB EATRIRGLFEAEHEEHEANERANE
ERH. Cob 2B RANANEENEARFMEHAR T Aot hm 57 HE2
FEEESFAETEHBAR - KER RUKECUM AR TR REHHK

11



WHT KA E 234 #it

HEARGLEHELANTIERE.

13 AXHWFHREBREEFRNE

ERXFCu-Cr-Zra 2B HALRARSINAR, RUUABRA 15 ®.
BEWAZBUARBEFEREGLORABI LR BEHAB S EHY
W, XEEPHELNE AN IRARENEALALNAENTEEN, TH
MGEERARWRAEREGLARREYHERAETETEL. AXBAR
LA NCU-Cr-Ztd AN BRA R ¥, ¥NERTEENAR, BHTRARL
BILAAEHIY N RARALBAAREHFoE N, WEHEENTT
¥, BELHGENEREE - ANFHKT, YERSEMBNFL 0N ARE
Epfn LB HE.

TERLEH:

(1) BRIELMNF %, ECu-Cr-ZtP i \ND BEHSITE, 2 TSiATx
Cu-0.4%Cr-0.12%Zr-0.01%Si& A% S A A BH. FR T HRAE S IR TN 3
Cu-0.4%Cr-0.12%Zr-0.01%Si4 41 R R A S fubk b i B, UHRBBERRES
SRE BN NLEANRENILSH.

(2) #7F R H AR A B Cu-0.4%Cr-0.12%Zr-0.01%Sid 4, B AR T #
ERTRAEMENGLGH. RAALH. HHEE. BHEE. BEXEHAY
1 F B A Cu-0.4%Cr-0.12%Zr-0.01%Si4 2 W R A R FH O M FEH#T T RAH
RE, WRT W pFmb 2l B TCuRERLGELIET, 6LEHA
BNRARANEEMRETM,

(3) W24 T ¥ #1534 Cu-0.4%Cr-0.12%Zr-0.01%Si& 4 ¥ fh & 1 Cu-Mg,
CoSn#¥ B &AM AL #ATAEL, 2HTAAZTHEY
Cu-0.4%Cr-0.12%Zr-0.01%Si& & # 1F Jy By 4% 35 4 fh 09 T AT 14,

12



T A48 3 ERITIE

2 ER%

2.1 Cu-0.4%Cr-0.12%Zr-0.01%Si &4 By X 4 &

HTHENRBEVEGERERRALNTEE, 64N ERELALHE 1%
TR, £E2HXFRXBEE), % Cu-0.4%Cr-0.12%2Zr-0.01%Si K144
HHRXFRHAR.

FAEEE K 99.9%8 Cu. Cr. Zr #1 Si %7 MFAS-25 B % & i p fn G 4L 48 34 48
B Cu-5%Cr, Cu-15%Zr, Cu-20%Si ¥ &4 4. FIL 99.9%H Cufot 644
X BB Cu-0.4%Cr-0.12%Zr-0.01%Si &4 . 7 26.7 KPa BAAAKRKY TEH
b ik & A2 h 20.0 mm W4,

FREREEHMIE EREATHERE. REEZRTHTFERALEE
B, HREWERTH 2 =1n(4d/d), P 4o ARFIAABHE BN BEEER.

KHEEERHER AN NRERAET N 6 ey RBREN. Kikmn
RAEFH 2R HRN, ERDMT 1.0mm HLARA L LHL LR,

AXBEAAEHPRIEHEL AT EE ? =18 8] 2 = 46 WBRHEETHE
Cu-0.4%Cr-0.12%Zr-0.01%Si A2 KB REZARRNIY  EHEARLETY
T, BRBEEH(?=38)% & T LB X HEH Cu-0.4%Cr-0.12%Zr-0.01%Si &4,
BT 4eERAE3BALELNALRMEHTH. AR RITRE S Kk 2.1
pratrEBEIEHH 950°C kil 1 h EAKE.

13
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%21 REEGEATHONULB T SH

Table 2.1 Processing parameters of cold drawing and heat treatments of tested alloys

Processing of the heat treatment and cold Corresponding
Sample
drawing chapter
Al ?7=18 3

? = 1.8 + solution treatment ? ? = 2.8 + 500°C
A2 3
/(0.5,1,2,4,8h) aging? ?=3.8

? = 1.8 + solution treatment ? ? = 3.8 + 500°C

A3 3
/(0.5,1,2,4, 8 h) aging
A4 ? = 1.8+ (400, 450, 500, 550°C) / 1 h aging 3
AS ? = 1.8+ 500°C/ (0.5, 1, 2, 4, 8 h) aging 3
?=18+500°C/ 1 haging? ?=(28,38,
A6 3, 4
438,5.863,7.8,88)

? = 1.8 + solution treatment + 500°C /1 h

A7 aging? ?=3.8+450°C/1haging? ? =(4.8, 4
5.8,6.3,7.8,8.8)
A8 ?=(3.8,4.8,5.8,6.3,7.8,8.8) 4
?=38+500°C/1haging? ?=(4.8,5.8,6.3,
A9 4
7.8, 8.8)
?=1.8 + solution treatment ? ? = (2.8, 3.8,
AlO 4
48,58,6.3,7.8,8.8)

? = 1.8 + solution treatment ? ? = 3.8 + 500°C
All 4
/1haging? ?=(48,5.8,.3,78,8.8)

? = 1.8 + solution treatment ? ? = 3.8 + 450°C
Al12 4
/(0,1,2,4h)? ?=(4.8,5.8,63,78,88)

22 BRASFHE

RAAERALMABEHETFEHETIRALILREN A LN AR AR, AR
LEICA DMLM #% 44 B %% K HITACHI S-570 P FEHMERAE T A E4&

14



WL K 20124 i LRI

ARBEMAR. A KA AR FeCly BB AR, BILKE A 5 gFeCls
+2ml HCl + 96 ml C,;HsOH.

FIA JEM-2010 # S F ERATEMAR R B S LM AR EH. 4 TEM
ARG ETELBR: EAHELEHMIRAEE 30~50 pm, A5 #-20°C A B
FERERGRLY 1P R aEt, REAETFRHE2 h. FTFRANLHM,
A BI-50 & A F # A RN VAR B A G 9 i XA ARER L, £-200C R B
BB (AR L 1:9) 5 3o v AR

23 SR FEEUR

AR BRI SB2230 B E M F B AR GO A DQ-1 B i k A # 7
FERE, MEHEN 0.02%, KREFEHN 100mm. YKBERBKH, sHiktEd
AFEES R EHRBRER FHEEARANELER, HUEGHEHMETR
B R, DUEFRXEFREEFEJACS)A 100%(E FFR X 4 FRf e
% = 1.7241x10°O-cm), ¥RXMHEEES 2L TH2REFHHAE FE. TR
KHEXA 7500 ARAFENATEFEHNE, FHERMEAEREA,
%IACS).

AR CMT5205 B FA kBN ERT RS LHNHHBE, HMFE
EX 0.5 mm/min, BHELEMERZRKE N 80~100 mm H KT, H
KECFHME, KA BB KB AT T BB E K, mE & A 100
g WHEEE 15s. BEMRER AR EHRT, ERTASFERHELE, 2
FRMERTHMA.
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#4018 VAT AL B FT Cu-0.4%Cr-0.12%Zr-0.01%Si 154 4143 i1 B2 B

3 AT HANRLAER Cu-04%Cr-0.12%Zr-0.01%Si 244485
e Aop A

3.1 5%

ERXTFCu-CrZrd oW ERALARL AR, BERGAEERF LA
BECu-CrZre 2 WARH ST EET Y, HELFSELNARHTERN,
M&eNESHALEEYHELNEEM IR AKE. AFRANECHZIE S
PANSIZJE T AW AR R AP, RTX FSintEte 44204 H
WRAKER A HE. RFRHEE} RS T Cu-04%Cr-0.12%Zr-0.01%Sié 4 I F
ReffmeFERANZESHAL AT ARSI A RITAR, KA TSIiTEESL
EPHHEEHR AR AL AT,

FERRBTHCU-Cr-ZiZ 44 AR T AT B REREANEE, LAifE
FEEAEHMMBRETY,. BNENIERERANATY RRBETERERE
AEHE —EBREHTHR, BHUAEHCYT, ERRENEHRY R MM
EER, AEMHERNRS A E. BAUSHE, UM RAERNBEE,
FELERNBFTRAWEBGEREK. A T EEET. AEHRLAEI LN
EEMAL M ERERANET, EAFRIEETENSLNALEILR
HEAM A AR EETH, RUEEERA TN AL E S LH S0l
REHMEARNTE RS, FEHR - FHRNAR. AFHLSELHTHAHE
bR ER &L T EAHKESEE %A Cu-0.4%Cr-0.12%Zr-0.01%Sié 4, 2
HYERRATEANBEMAL, WETARAEHETLL4MHN h¥Hfd
FHEE, IR TAEHFRLE LY HCu-0.4%Cr-0.12%Zr-0.01%Si & 44 F o bk
EiA:ob- 2

3.2 Cu-0.4%Cr-0.12%Zr-0.01%Si & A W& A4 4

RiaoH%AEL0E 31 fir. 6244 RHBNRBAENR, F_Hx
ERER & AR,

17



T R0 24 8 30 P AT R BN Cu-0.4%Cr-0.12%Zr-0.01%Si & & 4148 Tk RER

& um i 2t
A 3.1 Cu-0.4%Cr-0.12%Zr-0.01%Si 424 A4 M4 2
Fig. 3.1 Optical microstructures of the as-cast Cu-0.4%Cr-0.12%Zr-0.01%3i alloy

KBE4%A4 24 SEM R K EDS M E L R wE 32 Fi 7. Cu @b A
ABERBAANAERT, EDS MELERAARLAER TIFERLHEE CusZs
M. FRE M Cu BRALLHA, EDS MRLREHALY CusZr M, FRF
£ & Cr (B 2b).

Cu

"5 4 ir
Cr
: . nL — . ' —
- A5 AsE 1225 1S ms e
A 3.2 Cu-0.4%Cr-0.12%Zr-0.01%Si RE A 4HE4ALH (a) SEM ERE (b)) FRE-HH
EDS #R &R

Fig. 3.2 (a) SEM image of the Cu-0.4%Cr-0.12%Zr-0.01%Si as-cast alloy and (b) the EDS result
determined at the second phase along the grain boundary

ESEMARGSA AN ERA L, B TEM ERANFR T ZRBELHE
AL AN BHEGH AL, w33 RE 3457, RO PR e
CrERTFHHRTHEANMAEL Cril, EABIHARAN ZTH Cu-Cr-zr R4
EF CrERTFULRELE, FT5RETELRLES.



LAl e U . BERAMALTERT Cu-04%Cr-0.12%Zr-0.01%Si &S AR SHRIEN

()

ot s .
wen Lils o Mo A
3.3 Cu-0.4%Cr-0.12%Zr-0.01%Si &4#14 Cr 4 Ft (a) TEM El{@fu (b) EDS WX &R
Fig. 3.3 (a) TEM image and (b) EDS result of the primary Cr particles in the
Cu-0.4%Cr-0.12%Zr-0.01%Si

AARXPRARBELNE CCHEARM. —HEMWENLG M, BFRRT
WEES0Onm L E,FEELAA Cu ik L (H3.3); 5 —F A4/ REE CrSi
i (E 3.4).

P = _‘:;-.'.-'Ajr.i_- ‘.'I.'.J'.?m. . t 3 ] . : ' . "
B 3.4 7 Cu KP4t CrSi 448 (2) TEM E{& fo(b) EDS i £ %

Fig. 3.4 (a) TEM image and (b) EDS result of the CrSi compound in the Cu matrix

3 EDS WKL R T DA EE 34a L A M RAK KN Cute, THE 3.5a AR X
%A CusZr, W CrSi M7 Cu Hfhfo CusZr 924k L3544, @izt CrSi Bk
w2 X B FHT4 (SAED) 64 (H3.50) FFELAEDSH KL R (H3.50)7 WA
REBTH CoSi ttédY, BHBEGETREAREEASHIIAN T (B
3.5d). BT 3.5a oy K& FATH AT T UIBB, CrSi M5 CusZr XERA
RHRLLE X R (B 3.4¢).



T K+ 24 13 3 BRI AL BERY Cu-04%Cr-0.12%2r-0.01%Si & &ALt BER R

() -

Yot

A 3.5 (a) 7& CusZr KT A B CrSi fbAH TEM B, (b) AR T (a) B Xkt EDS £
R, (c) CrSifu 449 SAED 4%, (d) CrSi b & W1 B 2 H S R F (e) CusZr 5 CrSi# SAED
vi%:
Fig. 3.5 (a) TEM image of the CrSi particles embedded in CusZr matrix, (b) EDS result of the
matrix in (a), (c) the SAED pattern of the CrSi particles, (d) the HRTEM image of the CrSi
particles and the CusZr matrix, (e) the SAED pattern of the CrSi particles and the CusZr matrix

Pt B A R R Y Cu-0.4%Cr-0.12%Zr-0.01%Sid 24 AL AP £ E
HCuMktk, 4iCrHl. CusZoi FoCr, St ML K. MEHCHETFEENFE
Cuftthk b. CusZrl X EUFMRREZZEHRFE. CoSiEETEELAEC
FCusZr#tk k.



WL KW 203 B BRI TR Cu-0.4%Cr-0.12%Zr-0.01%Si S&HA5HENEY

CuCrZr RE4R—HHHBNAEELL, HHMNER. KES5HH 144
HREREFRERXRENGER. B, AT ERNAREHIHRZEEFE
WEEN . XIROOPFR T Cu-0.31%Cr-021%Zr, X)L LA E Zr H (CusZr)
HUMAERSHFE, T Cr UMNIRAFE Co k2 b, XR[911E AT E K
PRBRIE, ANSCrPZr T ERER, Co-Cr-Zr44F ¥ Cult FHR N Cu
M. CusZrHfdh Cr M, HATA Cr BFRHEE CusZe HfkP. XM[21FEHA
HHR, EEERBHMAEN Cr BT R KE CusZe Xk, A X ERLLN
RERHRET AT Cr BT RAE CusZe BP0, WE 33 FE 3.4 5T
Y, 5ARTH CriaMith, Si5 CrBRRTDNERBRI ARG KA BM, T
BUAY Si Bt T H W H AE T RESHA.

33 EHARLAERN Cu-04%Cr-0.12%Zr-0.01%Si &4 B 4 2 1
W

7 =188, TARLAEILN Al 44 RABFLHARNYHwE 3.6 FiF.
7 Cu-0.4%Cr-0.12%Zr-0.01%Si 44 HHE#ITHHAE, RAR5 e H M kHF
AAAEN, BLANAELIBEHENNS. TELIEILES, uTh4
HEHERME, ALWNHHMARARNEXRER, 23 500°CHE 1hEE4L2KH
FaBERFRD.
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BT K%L hrid B RBAL R Cu-0.4%Cr-0.12%Zr-0.01%Si & & AR S5HEAENE W

3.6 FRARLAEILT A2 ENNLHAA: 2 Al 2423 H, D) Al 42 RBELERL
B, (c) Al 4 RHFEEEF 500°C B3 1h. (d) Al 424 500°C B 1h.
Fig. 3.6 Optical microstructures of Cu-0.4%Cr-0.12%Zr-0.01%S$i alloy after different heat
treatments: (a) A1, (b) solution treated of A1, (c) aged at 500 °C for 1 h after solution treated and (d)
Al aged at 500 °C for 1 h

Cu-0.4%Cr-0.12%Zr-0.01%Si 44 Al KA 500 °C 3% 1 h 5 ASBRMAL R
TEM # S wl 37 fix. REQHHHTBBEETFRIZE 2 m £%5. £
Cu-0.4%Cr-0.12%Zr-0.01%Si & ARMELEZ L, AAHHTBENREHR
R, ERTHA, At TRERALEAGSHALHBHNTLRA. HHITH
HEAEHR, FHURATUBABHARTEHAEFEEL TEM S0HERH
BT BT,

B 3.7A1 &4 RAER AT TEM B4
Fig. 3.7 TEM image of precipitates in sample A1



WL K28 2 18 3 KBRS X Cu-0.4%Cr-0.12%Zr-0.01%Si &S 41R M FE i m

34 AW EAHRLBEMEFEL N FHEND W

£ WA A2 fu A3 S50 58X Aok 3t ol T 3 B A ORI B R R A B 3.8 BT R
EEEH A2 o A3 BRI, HBKIE B e E 0 i RS, EAERK 1
h HESRARENRE. WA B R E 83 o &4 0 5% B Z A A4 T P48,
EKHEKHE, ¢2HA-TRENIHEAR, BRE/METHE.

W
(=]
(=]

Ultimate tensile strength (MPa)
g 8 8 & &

8

o |

3 4 5 6 7 8

()

Conductivity (%IACS)

50

0 1 2 3 4 5 6 71 8
Aging time (h)

H38 KFA2MAIH () BEA (b) 3%
Fig. 3.8 The (a) strength and (b) conductivity of the sample A2 and A3

A2 B8R R YA RE AN 570 MPa. A&t i B 5 18 i 4 B 1]
BmE LA)E T (B 38). £ 1 h HEEALEARGNAAE SR 0
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I e Z0A BRI B3 Cu-0.4%Cr-0.12%Zr-0.01%Si £+ &A1 48 itk REf I

%IACS. [ BB jE 03— F K, &2 0 M xR E AR,

RETE A2 02 RHNRAKEERT A3 6400H. T A2 A48 HHHK
Wl BB AR A R B RITIE T 80 %IACS, B2 A% K 4 R A 570 MPa, W&
F 600 MPa #758 [E 4 #k 45 47

W 38afix, BEE#HITHEALAE, TUESLHBEARACENARS.
HARGHERABRUAELBETRAR, TEAENHELEFSLFEAE
WM, FELNBEAEERE. X T CuCrZr 44TE, BEWN
BWEEXRE THREMLMIENL, BRZERATHAMIENESLHE
ERaTH#H-FHRA.

AR LSRN I T LAEAREANREN EHRRAEEBEKEN, B
R—MELEH B LERNELNTY. NEMRALFABRLNEERE, &
ERBERRHENGLBERGAEENRE. A THRARR, —RRELEEER
Ffif & LARCS, LARENE, EATHPRABENELH T L IR
Cu-0.4%Cr-0.12%Zr-0.01%Si &2 PR AL LW KR M U E 200, REHEEH A
MR HIRAEH, WFEMEHETRELALEHNIRKYH, —FH
E®W, XHHT. FERACS: Eeb a4 T AR AR TR E0H B
HH-FHE, EMEIHEENTHEARZTEEAAMENBEL R, B
B ARERRENHNBE.

Frle 2 e ARUAEHES 240 KBNEEET A3 44K,

Xk R A i 2 R O LA B RIS B AN R B
ME CuCrzr €248, HRBREA I FPEFHE. £ T
Cu-0.4%Cr-0.12%Zr-0.01%Si 44 HSA AT EBFAERTEAH K ELRN EAN
HREAT A, AELRTARIER, EBENRI L H ARREEA A/ REATH
HEA R,

2=1.88, &4 RBAIETERERK WG B f % fod 0 68 o 3,957 .,
E5XAZRANALEHNRBELAEL, AMVELRMNBRERTRAEERES, Y
B 7E400~450°CH}, A4S HBEE EAERE B, {BE 2B #450~500°CH,
LA RERGE, FS500°CH A F K HME. BRKEE A1 hE, MEBENZHAHL
AWERE MR FA, YHBOBEHS00°CH AL EARBHTFHFEE1I6 HV. Y
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T NSRS 18 3

WAL BT Cu-0.4%Cr-0.12%2Zr-0.01%Si xS 4148 i tE Ak s

BERE FANASHEERT TR, FHEEHN168 HV, EHBZZHNE&L£481T
AWAER, RAPRAARENNEmGRE, HBZVHELARLTERS, B
TRAAREGENE S . TS00~5500CEEFHTHE, BREHAT —ZEE LS

K.

180

170
> 160 +
o>

150

140

80

Conductivity (%IACS)

Fig. 3.9 The (a) HV and (b) conductivity of the sample A4

70+

(@ o
A
L 1 H 1
400 450 500 550
Aging temperature (°C)
®) .
1 ot 1 —
400 450 500 550
Aging temperature (°C)

H3.9A4 RHEH @) HER b) BB F

A4MERRMEBXEENENAET LA (F 3.9b), & 500°C & kB,
Aot H R Y 83.5%ACS, T 550°C 3B KBt 4 84.9%, &AW w S REEE
AKX, GEE38a PEEHHKBENXE, FAN 500°C TH &K, 445K

BRENZOME.

EBARIBE (40000 Bt 2B, WHRE THY R IR, ¥REXER, HEL
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HITT K208 42207 12 A MBAERT Cu-0.4%Cr-0.12%Zr-0.01%Si & &A% S Ag T m

BERSWAEBERGEIENBTA, BE_HTEC. ZEE—FHHERA
W%y, BUERRD, BEELRK. MHXEENAT, CCETHY #i
N5 #EEORREA, EUE—EHAACHTERES, BUEA GRS
A, RAARABNEEZHREG. Flot, MEREENAT, BERGIEE
B, HEF-BRERRELZHFACHN Y S B E oty 3 b fo B 1554
%, BMCF T 2N, et xR B &AM,

HRBERPELEEEMNAZEIMPE RGNS RAREX, HALH
AR, BUMEBEKNIBE—BRAINZANARR, EREIHPEBERS, &
FHREACN—EREEE, HRFERR, WGPR; #—FEKHHHFARAFHH
WRE, GPRKANHEA— AP ELEM, RE, PRALEMEENEAET
SRR TN E M,

ERFNH, £4MKCGPE, 44WBE LA, AES500°CH KM, B etEKeE
ZHE, HATAEABORERET, AHELWFEERIRAME; TYUHKE
BE#—FSREH, RBEEAEHL dTEHL. BESIRAKMEAETT &
BATHAE RAER, FHEEGLEE TR, TIRKEERK, HEXxL, B
HBRTHF; WREBERE, AEHEEATERSRERESRMERE LR,
HEZHECIRCuZE R TREK A, RRELBUKRTH. B, &ES500°CH
WHEREE. o, WEEAQKE, H5EKRERTLRMXE, BUER
%ﬂ,[%—@]"

500°C Bt B A Fl B E] 2 AS & 2B EAE R RN P HMEII0FiF. 428K
i Bt 38 B 6] 9 K TR AT IR (B 3.10a). ERRAH (0.5~1 hyE A HHEIEH
B b [6] 38 Ao A ELiE R AR Y KB E AR A v et (1~2h), AMEREM
B 3 e ] B 38 e T P A0 L B Bk
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T AR -0 3 VI AL FE R Cu-0.4%Cr-0.12%Zr-0.01%Si & S 4143 St e 2 m

190
@
180 |
> 170}
o
160 |
150 L 1 A A 1 -1
0 1 2 3 4 5 6
Aging time (h)
90
®)
~~ | ]
w2
@]
S
X 85+t
2
>
g
Q
g 80
8
O
‘75 1 — 1 1 1 1
1 2 3 4 5 6
Aging time (h)

B 3.10AS RHEH (a) FEM )BT
Fig. 3.10 The (a) HV and (b) conductivity of the sample AS

T e, 7 3 B B R B 6] B RE K TR AT e (B3.10b). ZEBEAIE (0.5~1h) &4
Y v, R et R ] O G T A L R A b B R KB (] M AR SR8 A (1 hA L),
e FRERELRE,

B WA 2= 1.8 B Cu-0.4%Cr-0.12%Zr-0.01%Si &4 500°C 3K 1h, &4
AHBENEE M.

Yot et E AR, SMPEBRSE, BRGPR., L BN EEEE
ARE LA, MEEA-PEK, BRTAEREARET, AW ETELR
FERGA. ERAELEM EAEEKHAE, XERFEHAULEL, FER
i T .
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T K200 X BB AL B Cu-0.4%Cr-0.12%Zr-0.01%Si 1 & 4148 it i 3w

ACALRBNBEEMELRIEH IV EN T XA LEINFTT.
Cu-0.4%Cr-0.12%Zr-0.01%Si4 AW EE e S XM A H EH KL 2 HMA T LA
.

180 90
170 ﬁ 1% %
° 2
> 0____,—/ 470 ;-\gl
T 160 o g
J60 .Lé‘)
. §
150 - Q
—a—HV 5 50
—o— Conductivity
n
’40 1 1 1 40
2 3 4
n

H3.11 FEEHER A6 AL AHNEE b B F
Fig. 3.11 The HV and the relative conductivity of the sample A6 at different draw ratio
M?2=18%27=388, GANBEERNEERMELHENE T M, M
HERXME»HBEE P, GLNEE AL RMERIBAN, 47T AR BT
A2 E ? =38 HMAELRAREN I ¥R o FREKER.
Cu-0.4%Cr-0.12%Zr-0.01%Si &4 7% ?=1.8 B 500°C BH3X 1 h GH K E 7 =38 B
AERFEZEMEE, THBEEN 600 MPa, [ H 3R % 84.8 %IACS.

35 KENG

AEFIEA Cu-04%Cr-0.12%Zr-0.01%Si 2 M EHAR. h ¥ W eEfok ¥
MEGAR, BRIAANNIHAI L NAANERNTW, BAUTES:

Cu-0.4%Cr-0.12%Z1-0.01%Si& 2% S 4 £ £ E f1Cudbtk. 4iCriHl. CusZri fu
CrSit M HARK. MAHCHKEFEEQFAECEA L, CusZril £ E UB R
RERENRAFE. CoSiRTEEQAAECufnCusZrik . SimE A4 Abin
AR .

Cu-0.4%Cr-0.12%Zr-0.01%Si4 2R X E B R A RN & o M F# UA T H L E
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WL KA 208 3T B AR Cu-0.4%Cr-0.12%Zr-0.01%Si 444142 itk et s m

(RHFA2), ERARELHBEMLIEHARKEEGRA, HEEHRTEE M
MR EREHEERAUALH I Y (A3 BB E 25 & 60 MPaf10
%IACS. EHZM#ATANEKEN AN FHARMETREEGH S, et
M BPECREHER, FLLNBEEMBREAR. HREAEREN >
AWM IENEESLNNFRER—FH .

Cu-0.4%Cr-0.12%Zr-0.01%Si& 2 WH S AL F E L HF AP R BN AR BELN
M., HEN RS T Y Cu-04%Cr-0.12%Zr-0.01%Si4 4 K8 T R B M ¥ H
R (L3R 600 MPa) Fuit b gk (A Y # 5% %84.8 %IACS ).
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T K2 A 183 Cu BT AT Cu-0.4%Cr-0.12%Zr-0.01%Si & S AR 5 PEREMI WA

4 Cu EERF %13 Cu-0.4%Cr-0.12%Zr-0.01%Si 244 R 54
LB

41 5%

Cu-Cr-Zr 362 ¥ AHWIHETLAEBREARH BHK, EHRMHH
REIZLAHT, BRREH Co-CrZr b2 RRABMAEHNELT X, EHEN
HELHUSL LY, bLWHEE. HEBRE. BREEAE SR L4 ER
HAARKEENRAPY, 5RENKLEML, FRAMITHREESLH
Yihr % EZ R & 50~100 MPa, H 5 R4E % 6~8 %BIACS®,

REBAREHRRBEIYLEAEH IS MES, KB TRFHNEEME,
Bxt Cu-Cr-Zr &2 RBRAEZHRRBBRERNIERARHL KL HAHURESE
B d Cu-Cr-Zr 42 B MALGEUREA 1 EB P WHFEHATEN. A
ABEMINNEE RS, TEELNFHBAEERE. BEECE L LY
BRELHWMEFNFEE, BhBERE TR E R EAGREBE, AT
RHETALMITEBULRBERENS, BERENEHERANBA TN EHZ FEN
HEHFR., BARVABTUALNRAUERELAARRE. REBEREEN
Cu-0.4%Cr-0.12%Zr-0.01%Si &2 X ¥, BAEHIBRF Cu BHEMGA TN F
EEAEN, EUKRERARREEREn, CETEMENEE LKA
T, BR CEAOARAZEZEL2AEBRAGHEER.

* Cu-0.4%Cr-0.12%Zr-0.01%Si &2 {5, BHITRIANAHKEN (2=
3.8), HERAEEH EHELEM. RALHEHE. SEM s TEM K T FH
FHRETH Cu-04%Cr-0.12%Zr-0.01%Si &4%&M Y BHALRLEN, ST AW
HARPERALANEMUREALALASER. HEPNEEZFZAMEHRX
. BRARSLEHMONA-NEBER, HUBRE. EHE. GRESOEEE
8, BT o 2R AENER AL EHAL R AN R ERGTH.
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LTI T e VA 5 Cu JEALFE T Cu-0.4%Cr-0.12%Zr-0.01%Si & SH A SHEREN LW

42 Cu 2 AENREF Cu-0.4%Cr-0.12%Zr-0.01%Si &4 4 Aty
b 3

A RBELANREFAANBENARALRE 4.1 iF. n=38Hé&4
AHEFHNETRAL, HEEHEHH P, L 2=550, BATHHEER
B Cu RABHRHGNAY, AT SAFLANRER =380 TH. LEH
BH—FHME? =888, CuREKRENEMEENHEREN, FHEHEE
TagERENYS.

B A41A6 B (2)?7=38,(b)?=55 (c)?=88 LM EHAL
Fig. 4.1 Microstructure of the sample A6 drawn to different ratio: (a) ? = 3.8, (b) ?=5.5and (c) ? =
8.8

B 4.2 FFTTH 2 = 8.8 B Cu-0.4%Cr-0.12%Zr-0.01%Si &4 A6 K2 4 H
BB EH SEMEBR. 44HE AR KA BT, b TERNER,
SHAALNERR, EF4A8WRTLMFAEHETLHER FHRBE 4
L,
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LKA iR Cu BRI Cu-0.4%Cr-0.12%Zr-0.01%Si &L AR 5HRROEH

B 4246 &ﬁ? =88 B%EM AR
Fig. 4.2 Microstructure of the sample A6 drawn to ?=8.8

mEIEFE, HFAALANRBARELAS, EAEAHGRTR Y
BAR. HTERARTD, HED, FERdeHM SEM $FREAX LR EA.
TEM R ERN AR AME. HHBERTERAK. RATEMAR TAHE
KEHB Cu BRAF E B FEF, Cu-0.4%Cr-0.12%Z1-0.01%Si A4 44 4 2 4
%4,

AT&£E? =38 0HK 1 hBREHEEN EFREHE FHERALH
Pwh 43 fixr. Co @BBHBHERT MK, REBARTEHREAN. Xkb g
ERENNE, S3t—FHAREMBRLRIAAEHKEAN B8,
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WL K28 L2083 Cu AT LT Cu-0.4%Cr-0.12%Zr-0.01%Si S E&AR SHEHEW

S 100 nin ) ¥ = RN 10 nm

H43 5,(e), (f) ? = 8.3 Hy RARM T 44 A
St B R
Fig.4.3 TEM images of dislocation distribution and precipitates of sample A7 at different ratio: (a),
(b)?=38,(c),(d)?=5.5and (e), () ?=88

EERERELBURKHEERR, ¢&PHFEARMYE, FRRENE
BofFE—RBENEN. F_HARAEAEPREFHRLEVYPKA, B
B 4 o R L e R T AT A AT AR YRR, TS AT
AR EHRIET, B THEAR Co KR E 42 3 B/ F4THLEA,
HRELNBEMA RV ENM PN, TEVER MR, HEEGORE
FXMBEHHERLUBL - FHE. ARETERIRERERE FESE
B,

43Cu R EARB I RABIINEL N FHRADS

MARRLELY (& 2.1) £ Cu-04%Cr-0.12%Zr-0.01%Si &4 &M &
AEHRIBS, CuREBEHFEL, S4NNTREHEEHERNYNT LA,
FTRARABEIYABEN LGN RHNBENBHWE 44 7. £ 2<63



AN 2T o A7 Cu HAKF LI Cu-0.4%Cr-0.12%Zr-0.01%Si &A1 A Ltk REI W

HesHWm TEAEREE, HPXFASMIENERE. WY ?2>63 0, EH
EHENE M, 645N ASBEN LALLZRR M IEHERK. 7<63 1,
ELEMAERBEBRRBETRERZNE EHE 7=388 500°CH K | h H&2KH
AOWHBEMETHERE MG M. Y 2>63 AW BEMENENTRR
WHTH., BTHARERTENARAETEEL Co REAH S, EEHT
Bd Co REKHIAHAEUTERMEARTEY, BRERAETEERY KE
BRAEFEZFERRYK, NARESLEMNHTEE. 2HEBHELE
B A9 W FR BT HA A Z I RABN 4L ES, BmT
FAEE AR Y.

800

700 |

600 |

500 -

Ultimate tensile strength (MPa)

1 . 1 A 1 1 1 1 i 1
45 50 55 60 65 70 75 80 85
n

a4 FRHBABEIZNRBSLNNNBERMEVEN LB L
Fig.4.4 Dependence of the ultimate tensile strength on the draw ratio for the alloys with different
heat treatments

KHEASE ?7<63 MMM BREREN I, MIFELEFFLRAREI M
HAEMIIY HENEL454H.

REEL AR HKRE 7=3.8 8 450°C BB A F ot ], BREHKE, EHE
HEAMBU BTN Y HWAE 45w,
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AN 2y o 2 VA 78 Cu LT LR Cu-0.4%Cr-0.12%Zr-0.01%Si 7 & AIR Ltk eI 5

800

700r—

Ultimate tensile strength (MPa)

300

i 1 1 1 L 1 1 1
45 S50 S5 60 65 70 75 80 85
n

45 RRELALWRABREEEY B R4
Fig. 4.5 Dependence of the ultimate tensile strength on the draw ratio for sample A12

?<6.68, 450CHE 1 hf4h AW NFHEEEEHENE T LA,
M?2=66JG, &t ¥ tiEE TN BN MTREM]. 450°C BB 4h 5 FH
RE?=8344NNERBRERLAFARLEHETHARITRAELALHRIBRE.

44 Cu AR AR BT ARBI LN AL R FHBNBH

HARRAELY, H&H Cu-04%Cr-0.12%Zr-0.01%Si &4 &M EATHT
B Cu BARZHAGL, EhIRFSLNHENEREHEEH EHHE MTL
ML H T, |

FRBRBILNBEN G EMMAERENTHLE 46 iT LN B
H3E i, &8 H A8, A10,All AR RETHEET K. 624 A9 E 2=38
Bf 500°C Bt 1h Y SR THREERK, BA? <SOHAEEEHHELE TR
RYMA, MEXNESEHMELHEE AORSRELMTH, B2 THNE
EHW—HBD.
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WL K280 R 3 Cu HAKF LI Cu-0.4%Cr-0.12%Zr-0.01%Si 7 S 414 ¥ RENI

100
--m-- A8

2 o-- A9
o~ A A10
%)
O 8F o —y—
S N:ﬂl
SR S

“~0--.

2 Tl
> 60F T
sl e
’2 50 Apeeeeee Aeereenens, Ly eeeene Do, Lheerenarnreneeinaanns A
S
Q 40 [ES— - - - a

30

20 i 1 i 1 1 i IS s

45 S50 55 60 65 70 15 80 85
n

46 FRAREILNRRELNANEREEEN EH T4
Fig. 4.6 Dependence of the relatively electrical conductivity on the draw ratio for the alloys with
different heat treatments

7 =45 HALMEREEERN KR TEHAL LW BHALEN 4K
AN HESR, THEXEEIN?>50F A ASHEFREEHRENAT.
BREAIONE R LA ASHEREE. 7= 18 HEFLEEALNBAREN
fritHk, AENBMEMRTFRIOGUBGEARRRE, TrhLENLE
WEHEAEREE, EXBARARGNE HTEVANRT AL 5RTH
HERKER—BRER. FUARLRENL LN BANE LN EEER
1. .

FRHEXNARA S AR B 2N PwE 47 FF 7,
Cu-0.4%Cr-0.12%Zr-0.01%Si &2 S b M & B R M F Mg in & 4w 2% EA. &
MR AR GAMHEREHENENE I, XX ELEN. WEK 1h, 2h,
4h &4 w BEMEE TN E WG TG EH K.
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BT K200 440 18 L Cu I WIS Cu-0.4%Cr-0.12%Zr-0.01%Si 1344148 itk feff

100
90
D
A
..... N
g 70F GA T S
§ & i LI T
2 * . a
= sof o .
3
9 40} G--me o= O o o ceeneeegd
g o---Oh
S 1] - e 1h
- a0 2h
20 F
—~v—4h
10 L L i . 1 . | -
45 5.0 5.5 6.0 65 7.0 7.5 8.0 8.5
n

BA4TRBE2ARHENESRMELEN T4

Fig. 4.7 Dependence of the relatively electrical conductivity on the draw ratio for the sample A12

R BAELRMAREREN (2>45) R, BRERKAEEFTHEN
Bmeex )l PFEEN. EXHLRY, 28 Culha %k, EHETH
RABFPHEREEAENT—EEETRRABELENART I RIES R PE
FEEEY, REREKARANAANEREEEE M. YUEFEERD B TFH]
RABHATABREZE A TFRATLNT N, LERELAE. §
FH R RAE K4 S AEME? = 4557 = 6OMHEH A RP L EEHE
ALY, THEEEHENSEE N, SLANREEELE M, AT
FEXESENPHRELER, MAENETRANYHAR, FULSEHE
Vi 4:5F- b TN

45 Cu AL AU AN A-H X XK B

B 48 Hedd A AT FRAEVETHE - EHE. HMAEADRENEN
Wiw, GLMRAANOEERERYAY . KEWENR (7 = 74) 644K
BIRAKE N NARE TN GRSy, WRANE R R RN B
WA R R, En=38 HEAENLLRARBNERIV Y, B BLA
HENERAR, ENEE e HAKT 0012 HEARKHWERT G, KHELF
BEENRENE MG SN, HHXH 00 AENE, EHEERERA.
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HILL K Z 2240038 Cu FEARAF LT Cu-0.4%Cr-0.12%Z1-0.01%Si 13 4 MR Lt e m

AUEENEREH v, n=468, 2R EARFHGENS, B5y=384
e BN ERRHED, BRTEE, BUHARRK. Yn=66HE4
W A-MEMEXBAERTE, BRTEHNEn=46 HELHERTEE,
WM RHE—F RN En=T4 e RRA—EHEWE, BH-HEHE LR
BEANERTE. En=88HE&L 2 VRN, MANEEAM M, NHRE
B, YN AXBRAMENE, AHER, HHBOLARREHS.

s00 | 7=8.8
n=1.4
600 | 7=6.6
<
[«
2 400
o
7=4.6
200 |
7=3.8
0

1 1 1 L
0.00 0.02 0.04 0.06 0.08 0.10
£

B 48 FEEAHESH AT &2 RFNE - K i 4
Fig. 4.8 Strain-stress curves of the sample A7 at different draw ratio

4.6 Cu REGEN AL F Y RN D W

BlAMRALEEABRE, Cu BAHNATHGHETR, FEFREF
B RAARABENE M, HREERE TR EXLEELAME, L%
T K B TR T Ry RERE T ARG R, AR AT
HBREHANEK RN ENRUXEF B 49. 60N BEME Y EHE T
BR, HEXWERIHBREMORERN, EAXVEN, MEAVEH W,
BREMNRRGEHER, TR, AUREHEELHBEHANR, 1B
B e R R Y BT . n=8.8 B EA &K & H93H 38K 825 MPa,

EEEM AT ERFHANREN ENRIXZWE 49 FiT, MELVE
¥in, &EWEMEBRME, S00BBANRIEMHEK.
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T K0 -2 3 Cu HAAFEI Cu-0.4%Cr-0.12%Zr-0.01%Si 4 &A1 1k Rt m

850
800
750
700

650

Elongation (%)

550

1500

Ultimate tensile strength (MPa)

450
9

B 4.9 AR EH &2 EH AT AREM R fofih 8K N EH
Fig. 4.9 Effect of draw ratio on elongation and ultimate tensile strength of the sample A7

EWEZEAVENEUAERBENEAARRFRR. n=38 HiXKEL
WM EETL 10%, TEMEETHEAE MAZAEE, BEMFRDPHER
HHEEM BN TGRS, YEMEn=88 AL NENERRKESL 1% .

AR EH 3 Cu-0.4%Cr-0.12%Z1-0.01%Si &4 KA A7 7 EE B8 ¥
BHA10pi7, MENENE 0, 62N REREEN BN T M, AME
T B T 3 i b B A0, FE R W3 A,

80
o
A
@)
=
E 76 I
]
=
)]
g
"
o 12f
5 <
]
> v
68} ;
|- ] L 1 ) -
4 5 6 7 8 9
7

B 4.10 AHHREH 3 Cu-0.4%Cr-0.12%Zr-0.01%Si A4 KM ATty KE E oy ¥ W
Fig. 4.10 Effect of drawn ratio on Young's modulus of the sample A7



HT K200 AR Cu HERF AL Cu-0.4%Cr-0.12%Zr-0.01%Si T S AU TR W

CuCrZtr B2 BB ARHERBRBEEAERENTUREGH<1I>AH
URI), <NMI>H B LAMIE B Y T A ANELA Gl v, HETH AL,
SHBEEREN, BEREEN<ND>EAHAERRTE LHE B TELNERE
FREEEE N, BHEK RRESLEAMEANTFNKHFRANBEHELEE
PR EBEUBEBLEEN BN T . 7>78 HERBREEESH
MEEMBEAR LT, EREGLANREEE EATEMEERNG LS
HEEEN R BRFEEMEERRAOEZY R E TR, TREENEEN
BEFE. IHEANERENREY, B THEHETACENEREARLS
Cu A E XM A, Co ZERZXERY, WMbEETFIRE Y, HTFA
BMREHERN Y, 54640 80Efol B pl%,

RBEEE AT NEBEARK n MARKEH ENETUXZ0E 411 fiF. K
RENEE n AW B EAA RN FERYE, En=382n=568, 64K
RENER n AW BN RUAERE, Tin=562n=880, nMEHEH v
BEE SRR,

5 05

[~]

o

g

o 0.4

§

=]

E

‘& 03

&

w2

0.2
'l L 1 1 1
4 5 6 7 8 9
n

B 4.11 AR FH 3 Cu0.4%Cr-0.12%7Zr-0.01%Si &4 AT B EFE LK n 9B H

Fig. 4.11 Effect of drawn ratio on strain-hardening exponent of the sample A7

WHE A3 fT, EEBEY BATHEHEK, 628 FP AN ALASE
ERENNEES. En=383n=56 WAHNKTHN &, TEBYEHLEAH
BRFAMBNXABOAEASR, AR RUEELERADNUEREH
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BT K20 {24738 3 Cu FEREFHEEXT Cu-0.4%Cr-0.12%Zr-0.01%Si 3 4148 Lt REI 3w

BS10U cu R fodr il Criy AR HME, RARDMIREE, EAEEME
BT I A A AR SR, LA T DA AT B AR, T CusZr 5 Cu REHEE
ANEERE, BETHH, FANEEFNENE. 8T Cu BEZ B S &1L,
S 4 (A1 IR Ao M AR 2 18 9 R SRR KB B Y B B A TR, TR B AR N,
S KERE. RIS EmER, #5058 5T b H/NI00,
L8 B 3 AL R T RN R IR T IE R, SR
ERGMERERE, NTBREMEIVENENALAS.

ARE#—FAn=56%MmEn=888, CeRKNFHRLVERAE, F4f
BRAGEREH# SR, NETEEM, H5HbAR cu G482
MEFERER, ERARTHEENENE TR, L5508 ERN LA
FEEENTREREEMRTor, HEAR CEIERTHEMS cu £
HHREL, RECERTAEEERLEREETRMAKRAZESER, # Cu
EEAEIR. EEANEHNET, BMUBEREENERR, hu#Esn
MhEFERE T4, W co 2REAERTZANKEER. RERY—
MEGBAIENESERER TSR X ALk A GER s
WHER T H AR RESEZANER, BheeXALRENHFLEHK
n Fa R F 45 Ay 1100103103),

EREHAR, Yn=56MKE, NEFARE A ELMBEATETAEN
£, MW ENER, IREBEAGKEE, HEn=6.6 11 FHE ALK
BREAMR. FUNEEMER A B AL N RUER LA CEAN FRFE
B, WERMRETERARNEARNEEARE R EBN TN T44
BRESENNFHENTA.

4.7 Cu RSt S RWE Ol BH

FEAEHET Cu-0.4%Cr-0.12%2Zr-0.01%Si A4 K+ A7 2 3y f b7 0 7
A 4.12 iR,

n=46HELHENY 0 EHARABNYIERAHT R, HELTELRE
BEF SRy E. PRRHRAMRANLE, BREHOhEE BN
B, BAXRARE - HMAEARVENHYURLE, FUDTHADN. BREEE
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A 2 A AT Cu HARAFHELLRT Cu-0.4%Cr-0.12%Zr-0.01%Si 7344128 Ltk g

5% R KLy Em XU,

EAUEE RS Cu RARDHNHEBWRE B THHRE, ZAANEY
B R RAE. U RR AR OB ATEEEY RS SRR
AR P A AR R AR A — R AR AU, A 3 B e A F AR T LA K
ANEBRIMMEXXNTERB T ARBEAEE M ERkZ A RAELAE T
WRBEH, ERMENIRY, HFARMETERGL AN RATLEBEYR
%, ERAREEREQETSABAR. MELFR LA PR, 4
FARF A L A BT A RER A ALH, &G IR EREHN
ERIAMEHN, ZLILARM A O L glon, Bx S5+ 4
“HBEXRRPEHR . RN HERTE, BXE4LH 0P ZHANMoRE
MARKE 5.
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LA T i VA Cu IR GLTT Cu-0.4%Cr-0.12%2r-0.01%Si & SHR SHENEW

75um

o

H4.12 TEARBET Cu-04%Cr-0.12%Zr-0.01%Si -4 A7 £ 35yl o B (a),
(6) ?=3.8, (c), (d) 2 =46, (o), () ?=5.5, (@), (h) ? = 6.6, (), () ? =838
Fig. 4.12 SEM images of fracture surfaces of the sample A7 after uniaxial tensile loading at (a), (b)
?=3.8,(c), (d) ?=46,(e), () ?=5.5, (), (h) 2= 6.6, (i), () 7 =8.8

AEXESAH#—FAHRE, Yn=550, S4B ABE =46 HEyEX
B HbRYFARBEBHETHEHN, MoOXREH—EHHE, ERY
FUREEAEHRERMR N BEn=46 HERKEELHY.

A TR R KRR B TR~ AR EH KA, FLhEAK
RUFERABRANRYRE, MR KT OEEHNERA, BTFREEK, —5
ARFENE, —HIN ARG R EF BN RS RE. Y n=6.60



I 3T v VA9 Cu AR AT Cu-0.4%Cr-0.12%Zr-0.01%Si S AR itk A A

Rt & o B M RFENHE 5B RENTRRAD, BOWE 2 HAEREH R
‘/ﬁE[IOS]°

BRURRYEE—FE e, RAREHHERISE, Ly=288HELH
DEHHWE 412 Fiw, RBEELEURMENHTHR, 602 A DHHEHE.
W 4.12) iz, AHOXERAARGAE, HENFRERY, TANEX
REF AR TR Cu KA KA.

4.8 KE/NE

AEFTEHARTAARNBARREIY MBANALEH A
Cu-0.4%Cr-0.12%Zr-0.01%Si & 2 &M AL R A BT M.

W& LA B3 tn, Cu-0.4%Cr-0.12%Zr-0.01%Si &4 8 A R p 8 7t &%
REAHHEZER, BREREADENAERAL. MRBALTHELREER
HRE A, |

kB REBERATHAAETHEN S A0 HERRERTEAE R
RIEBEHAE AL HAZRE, BR7>50 FHAFHBENEEE AEED
BT, AZHHBAEN AR AL WRRER 44N IHELERE. KEET
BEH#AT 500°C HRAER, WK1 h&ARLARGENHFRFZAME. 1K
GBI Bd LB ESEEEN BN ME 2 AT 1.

MEEXMEGHE N RRELHBERBEUEES Y v, n=38 Fln=56H,
BT bR TFZEANEEER S ERE, A2 EFMERORE
BEHZR LA MUEHEH# S, Bn=56Zn=88¢8, FEHRERM
T ENEEERE RN, 420N EE NP RERE EA.

WA Cu-04%Cr-0.12%Zr-0.01%Si A2 4&ME W RATH, HEXHE
B¥im, AeZHmy i RET SRR,
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L KR AL Cu-0.4%Cr-0.12%Zr-0.01%Si A& HAE I A Co &M AL

5 Cu-0.4%Cr-0.12%Zr-0.01%Si 24 E#M & 5 4 %I H Cu s 4
ERE BRI

51 5%

RANHEFFZTHRE, FCuRERENTIRE. k£, &iE.
RAAMEFHEA - EHER. AFEFIANUEEFHAT LB EH
Cu-0.4%Cr-0.12%Zr-0.01%Si &2 #ME5AH Cu 2B MEME, BitT
Cu-0.4%Cr-0.12%Zr-0.01%Si &-2-4 fih & 1 4y . A AL B 4k 48 A 4k o 8 4.

52 HELEMLBRA AL

FASMMN T AL AEHELATR. FERTURE —RBEFRAREALR
WEMBRS. AFEEETFOHENEHEER wE 5.1 7, CusSn 248
S ERBE. G, RR-AMEGLHERMA, Co-MgALBEREHERRNY
A, BEE—RHBEEHAR. BRRTHLOEHNE, £+ 04, Cusn
EEEBENEL BERTHN 2220 pm, ZHELERENEXZRRTHE
¥ 100 pm.
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BT KFB LAWY Cu-0.4%Cr-0.12%Zr-0.01%Si & &ML L EBENA Cu & SEBANERLEY

H 5.1 (a) Cu-Sn &4, (b) Cu-Mg A-4-#0(c) Cu-Cr-Zr-Si &4 P B MR
Fig. 5.1 Microstructure of (a) Cu-Sn, (b) Cu-Mg and (c) Cu-Cr-Zr-Si alloys in the center of the
contact wires

AHER T LR NS BB S2 7. 46851852 T4#, Cu-Sn
&4 Cu-Mg 64 CuCrZrSi 4R ENENEEREATAREHNEE, &
HREBCERIFFHY.

B 5.2 (a) Cu-Sn &4, (b) Cu-Mg &4 % (c) Cu-CrZr-Si &4 &HMH BHAL
Fig. 5.2 Microstructure of (a) Cu-Sn, (b) Cu-Mg and (c) Cu-Cr-Zr-Si alloys at the edge of the
contact wires



WL REILFN WL Cu-04%Cr-0.12%Zr-0.01%Si &S M L% T Cu & S HEME MRS

53 FéEREUAFEREAEIE

K GB228-2002 K& B H B XL H %) F GB/T3048.2-1994 (& w4
HHERR T Z2B P AN B EEERARY WA T AL EHHEm e BE, &
RERBFHELEREIHABARBL, XU T FRAEZESLEBANRERE
spr BIRBE so2 BEKRERy, BWES EHER 27 fladtd R 2k 5.1 5
i

RSICuGLEMAEMHERELER
Table 5.1 The tensile properties and electrical conductivity of Cu alloy contact wires of the
comparison samples

Sample Sb S0.2 v ) ? ?
(MPa) (MPa) (%) (%) (x10°Q:m) (%IACS)
Cu-Sn 453 441 574 6.0 2.106 81.9
Cu-Mg 510 487 509 4.6 2.576 66.9
Cu-CrZrSi 608 591 536 48 2.257 76.4

Cu-Cr-Zr-Si 2N BERBHRBEE AR H T Cu-Mg &4 K Cu-Sn 44
Cu-Cr-Zr-Si &2 AW FE R EKE R T Cu-Sn 44185 Cu-Mg &4 F &K
B & T Cu-Mg4-4. 8 5t F Cu-Mg 44 & Cu-Sn &4, %43t b 7T % Cu-Cr-Zr-Si
SEERARERD NI TR LA B AT,

ZHCub bR ERNHH A WE SR, CHAEREZRBERRL
BURMATUATRABREE, AR Cuo-Cr-ZrSi 2R BR TR RN E
H. CuSn &LMFHERRE. Cu-Mg 20 FRMERE. Cu-Cr-ZrSi 44
2B M ERET Cu-Sn 444 7%, EHERT Cu-Mg 44,
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Fig.5.3 Typical tension curves of Cu alioy contact wire
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Fig. 5.4 Sketch of testing position on the cross-sectional of Contact wire
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RS52CubLEREBRENA KEL
Table 5.2 The HB of the cross-section of contact wires
Testing position
Sample
A B C D E average
Cu-Sn 120.4 123.4 121.6 125.0 125.0 123.1
Cu-Mg 157.9 144.3 144.3 152.1 149.4 149.6
Cu-Cr-Zr-Si 183.0 166.1 169.5 174.2 176.9 173.9
FRSICueLEREBERENERTR
Table 5.3 The HV of the cross-section of contact wires
Testing position
Sample
A B C D E average
Cu-Sn 128.1 128.7 121.8 132.8 127.1 127.7
Cu-Mg 148.2 147.2 147.2 159.4 165.2 153.4
Cu-Cr-Zr-Si 190.6 168.1 163.1 164.7 181.5 173.6

Cu-Sn 642 BFRTRIEANEE, CuMg ALHWEEE T Cu-Sn 4 4.
Cu-Cr-Zr-Si &AW EE BT Cu-Sn 44K CuMg 44. HEMSEE T LR
BREEA— £, EXAERIL Az,

5.5 At ok d WA b

%[ GB/T229-2007 4 & X Wb & 5256 77 7% M3 ad th ik A% oy o & 311 Fo-40°C
EHFHE. VA Charpy #HFRMENAZEA TR 5x8 mm?.

Cub &N HFHHEIRRNRAERDR AT REEET HFEAW
HEIHABYBATHEGEEREFER (X 54);. CuCr-Zr-Si 44, Cu-Sn &
4, Cu-Mgé4. Cu-Sn 44K CuMg &4 E. Cu-Cr-Zr-Si 44 HERE
BT Cu-Mg 44 % Cu-Sn &4
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Table 5.4 The impact toughness of the cross-section of contact wires

ax (MJ/m?)

Sample ax (MJ/m?)
(-40°C)
Cu-Sn 0.78 0.77
Cu-Mg 0.72 0.73
Cu-Cr-Zr-Si 0.89 0.90

Cu-Cr-Zr-Si &2 %-40°C KIEHHEHAEH T Cu-Mg &4 K Cu-Sn &4 H
k. SHEFEFARAKTRL, ZHEBEERE HEETHZ-400C KHEA,
HIEERMEETAR.

56 AECEREBKARMEEER R HIL

A NETZSCH DIL 402C B#BKUMNR T 420 RBKEK. 58 GBT
6148-2005 (K& w A 2w EIRE R HMRXF £ MK T 444 0~150°C EE K
MR- EEXAES. 0~1S0CRPE-BEX RGP HEEZH. RKE
Rink 5.5. EHS55 KB S.6 7.

F5S5CubLBREAAREKARELEHBER R K

Table 5.5 Thermal expansion coefficient and resistivity temperature coefficient of contact wires

Sample Cu-Sn  Cu-Mg  Cu-Cr-Zr-Si
Thermal expansion coefficient
18.4 19.3 19.1
(x10%/°C)
Thermal-conductivity coefficient
3.40 2.35 1.96

(x107%/°C)

Cu-Cr-Zr-Si &4+ R Cu-Mg &2 BMEABKZ HEE T Cu-Sn & ¥ ML,
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Fig. 5.5 Resistivity - temperature curve of contact wires

FE 0~150°C J& B W, Cu-Cr-Zr-Si &4 Cu-Sn 441 Cu-Mg &4 5 w4
BENABTTHE. CuSnéd4E CaMg AAHWBUMEHMEBEEAGT FHEMNL
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Fig.5.6 Conductivity - temperature curve of contact wires
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Fig. 5.7 Mechanical properties (a) 5, (b) S92, (c) ¥, (d) Jof contact wires comparison samples
after softening treatment

BRE MR RKEEENAETN: Cu-Sn 44K Cu-Mg 44
HRAKAEEML. Co-Cr-Zr-Si G2 RBNUI I EEE T Cu-Sn &4 K Cu-Mg
bb, AHERT 300C ARMERLEMAR.

58 KE/NE

AExtth T Cu-0.4%Cr-0.12%Zr-0.01%Si 44 Cu-Sn 1 Cu-Mg # fah 4 8t .
Cu-0.4%Cr-0.12%Zr-0.01%Si &4 EM AN BEEE S THAAE Cu-sSn &
22X Cu-Mg4bEME. BHAEEETE, Cu-0.4%Cr-0.12%Zr-0.01%Si A4 1
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SHEERKET Cu-Sn 44 7%, EHEET CuMg A4,

Cu-0.4%Cr-0.12%Zr-0.01%Si 42 ERENRARNA AN BEHGTIAHK Cu-Sn
&2k Cu-Mg 2R, AXEHT 3000C K ERELENAE,

Cu-0.4%Cr-0.12%Zr-0.01%Si &4 & Cu-Mg &2 5 % Kk 2 5% & T Cu-Sn
£42EBL. Cu-04%Cr0.12%Zr-0.01%Si &4 # % Kb ¥ BT R -40°C KB
HARHT CuSn ek Cu-Mg&4EME. 5HEFFIHATIL, ZHE
BEEREHEETHREACKEN, HREEREHTALR.

Bl EXt T E Y, HFLH Cu-0.4%Cr-0.12%Zr-0.01%Si &4 B4 1 4
MEMNEEHERFERATAANERSLES, RARGNEAL.
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EREEANHRGER L, AXBIRAELELAABEILHET
Cu-0.4%Cr-0.12%Z1-0.01%Si& 2 &Mt . 24 T 624 A4 850 B RO K.
Rt EREfx. E—ZXWHBA, BEETHRAERANKENARELE
A AREMANBRLESK. HELRLERERITRANAEHC = 38L&
B, #RTHRAEABAGANREN G2 ARTRENZH, BN
TFRBAAFEEEHAET LN ARFELHCuRE. BT RLEX
BEERXE. KXZEAE T Cu-0.4%Cr-0.12%Zr-0.01%Si 4 4 1% ik 4 F . A fL ¢k
BIAHCuMgfCuSné& 2B A NHE. AXEZERFUTE®:

Cu-0.4%Cr-0.12%Zr-0.01%Si& £ W H S AR £ E fCuik, 4Crifl. CusZri
FICHSIHA K. 5ARTHCHML, SitRmaad TAT 4, Si5Col ke B
A RER B A K AT AR

REEBTEHR BT LA ENELN N EREERTEARRIZH &
WeeN ¥t HEeoRERAN En= 1.8ES00°CHK] b, HAURE=
3.8, FihroEE foa xt e 3 & 64 45 3K 2600 MPa X 84.8%IACS.

En =38 REHEAHT, CuRARGLELAERHELEMNELHRE. H
XM ETAZIRAENGLH M IEAEUF TRAEEHEE. Cuktkd
SR TLLNENEREREIHENE MR ELANTL. EEHIES,
LHEMNBEMENEER TN RENE TS M, BIACUERKLEN Edy =338
WAB =560, TSR EARTFZEGBEERS £ 500, RTEREMR
MNBMALBRAPEFENERHZR LA, YEBEHy=56—FH K3 n=
8.80, MTRAEMEEXANHMEARA L EIMMY, 42NN ERNBREMEL
#HHEHAE A, # 1 Cu-0.4%Cr-0.12%Zr-0.01%Si &4 & A i 0 5t 241 &
W, METHENE M, 42 bW RET H LR,

Cu-0.4%Cr-0.12%Zr-0.01%Si 44 HE M E NN BE B EH THHH Cu-Sn &
A% Cu-Mg £48M%. Cu-04%Cr-0.12%Zr-0.01%Si &4 #HE 2 Cu-Sn
&A1& 1% %, BRAEET Cu-Mgd4. Cu-04%Cr-0.12%Zr-0.01%Si &4
RUF N EFEET Cu-Sn 44 K Cu-Mg &4 . Cu-0.4%Cr-0.12%Zr-0.01%Si &4 X
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Cu-Mg &2 B K Z H % & T Cu-Sn &4. Cu-04%Cr-0.12%Zr-0.01%Si &2 #E ¥ &
F0-40°C KB THHMAARE T Cu-Sn 44K Cu-Mg &4, SHEAFHHEA
Pk, SHELEREHEETHREWCREN, HFFEREETIL,
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