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BT BY I ERREEBREROIBRRA2RARBI TRINIBERECHLTH
W, FORZYHITDNTRLE,

FETIH HHEEHSSORRIIBNT, BHYEELR LS TR ERETL-DDF
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Fig.1-1 Relationship between tensile strength and electrical conductivity in the materials
used for electrical conductor.
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Fig. 1-2 Manufacturing process of copper alloys used for electronic device.
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Fig.1-3 Photographs of copper alloy sheets after
slitting treatment lead frames after stamping
treatment, and semiconductor device (QFP).
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Table 2-1 Chemical composition of Cu—Fe alloys.(in mass%)

Symbol Fe P Sn Zn
0.001% 1.015 0.001 0.494 0.491
0.008% 1.022 0.008 0.481 0.462
0.012% 1.030 0.0012 0.490 0.520
0.033%P 1.011 0.0033 0.495 0.488

Table 2-2 Chemical composition of Gu—Cr alloys.(in mass%)
Symbol Cr Sn Fe . Zn P

0.31%Cr 0.31 0.24 0.005 0.18 0.006

0.23%Cr 0.23 0.25 0.01 0.22 0.004

Table 2-3 Chemical composition of Cu-Ni-Si alloys(in mol% and mass%)

Symbol Ni/Si Ni Si
mol mass | mol% |massh | molk massh

1.5%Ni~1.5%Si 1.000 | 2.093 | 1.40 1392 | 149 0.665
2.5%Ni-2.5%Si 1.025 | 2.136 | 249 2.335 | 243 1.093
4.0%Ni-4.0%Si 0995 | 2.061 | 3.98 3.769 | 4.03 1.829
1.5%Ni~0.8%Si 1.987 | 4156 | 149 1.384 | 0.75 0.333
2.5%Ni~1.3%Si 2008 | 4174 | 249 2317 | 1.24 0.555
4.0%Ni-2.0%Si 2.020 | 4231 | 4.02 3770 | 1.99 0.891
1.5%Ni~0.6%Si 2442 | 5100 | 1.49 1.382 | 0.61 0.271
2.5%Ni—1.0%Si 2455 | 5.147 | 2.48 2311 | 1.01 0.449
4.0%Ni-1.6%Si 2.557 | 5357 | 4.04 3.777 | 1.58 0.705
1.5%Ni-0.5%Si 3.061 | 6.440 | 1.50 1.391 | 049 0.216
2.5%Ni-0.8%Si 2883 | 6.047 | 2.48 2.304 | 0.86 0.381
4.0%Ni-1.3%Si 2949 | 6.169 | 4.04 3.763 | 1.37 0.610
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Fig.2—1 Equilibrium phase diagram in Cu-Fe system.
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Fig.2-2 Scanning electron micrographs for 0.601 mass%P and 0.033mass%P alloys after
solution treated at 1173K and 1223K for 10.8ks.

18



19

"SYQ'0L 404 MELLL ® pajeat] uoinjos saye AojjeyssewggQ e ul
ajepdioaud e Joj (q)useried uonoeiyip pue (B) ydeddotol Uos}09|8 uolssiWsue. | €—g 814

1uug

=




100
90 Solution treatment:1173K-3h (a)
-
e i
£ 80
Q L
. /0 0.001mass%P
2
S 60F
1 O 1073K
s 50_
i A 973K
T 401 Q873K
30 0 773K | |
0
10 10" 10° 10° 10"
Time, t/s
100 .
%0 Solution treatment:1223K-3h (b)
é B 0.001mass%P
E 80—
< 701
42: .
> 60
g 50l O 1073K
él:J A 973K
40F ¢ 873K
30 0 773K 1 |
10° 10 10° 10° 10%

Time, t/s

Fig.2-4 Resistivity changes in a 0.001mass% alloy during aging at various temperature
after solution treated at (a)1173K and (b)1223K.
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Fig.2-7 Avrami plot of the precipitation fraction in a 0.012mass%P alloy at various aging
temperature.



Table 2-4 Value of n in KUMA kinetic equation.

(a)Polymorphous changes, discontinuous precipitation, eutectoidal reactions, interface
controlled growth, etc.

Conditions n
Increasing nucleation rate >4
Constant nucleation rate 4
Decreasing nucleation rate 3-4
Zero nucleation rate(saturation of point sites) 3
Grain-edge nucleation after saturation 2
Grain-boundary nucleation after saturation 1

b)Diffusion-controlled growth(early stages of reaction only)

Conditions ' n .
All shapes growing from small dimensions, incresing nucleation rate >2.5
All shapes growing from small dimensions, constant nucleation rate 2.5
All shapes growing from small dimensions, decreasing nucleation rate 1.5-2.5
All shapes growing from small dimensions, zero nucleation rate 1.5
All shapes growing from small dimensions, negative nucleation rate* 0-1.5
Growth of particles of appreciable initial volume 1-1.5
Needles and plates of finite long dimension, small in comparison with 1
their separation
Thickening of long cylinders(needles),e.g.after complete edge 0.5
impingement
Thicken of very large plates, e.g.after complete edge impingement
Segregation to dislocations(very early stage only)

* Coarsening of phases at the condition of volume fraction of them increasing.
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Fig.2-8 Hardness changes during aging at 773K after solution treated at (a)1173K and

(b)1223K for

alloys containing various phosphorous concentration.
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Fig.2-9 Hardness change during aging at 973K after solution treated at (a)1173K and
(b)1223K for alloys containing various phosphorous concentration.
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Fig.2-11Size distribution of ¥ —Fe precipitates in a 0.001mass%P alloy aged for (a)45s and

(b)3.6ks at 973K after solution treated at 1173K.
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Fig.2~12 Size distribution of ¥ —Fe precipitates in a 0.001mass%P alloy aged for (a)45s and
(b)3.6ks at 973K after solution treated at 1223K.
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Fig.2—-13 Variation of (a) mean radius, (b)standrard deviation and (c)skewness of
precipitate size during aging at 773K after solution treated at 1173K.
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Fig.2—14 Variation of (a) mean radius, (b)standrard deviation and (c)skewness of
precipitate size during aging at 973K after solution treated at 1173K.
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Fig.2—-16 Changes in the parameter & 0 /r* during aging at 973K after at 973K after
solution treated at 1173K in various phosphorous concentration alloys.
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Fig.2-17 Changes in the parameter § 0 /r* during aging at (a)773K and (b)973K after
solution treated at 1173K and 1223K in a 0.001mass%P alloy.

34



35

12
19 Sol. :1173K-3h  Aging :973K
s 1o
- 9l
8 e |
c:\ 7+ A _ A7 0 0.001%P
~ AT A 0.008%P
61 O 0.033%P
5 1 ! [ | i .
2 3 4
10 10 10 10
Time, ¢ /s
7.0 -
. 0.001mass%P (b)
S B6.5r
~ | Aging 773K
- 6.0
. Sol Te
ti .
L 55F Ogu I$?73§mp
A 1223K
5.01 : . ,
10 10 10 10

Time, ¢ /s

Fig.2-18 Changes in the parameter (& 0 *r)"/? during aging. (a)Aging at 973K after
solution treated at 1173K for containing various phosphorous content and (b) aging 773K
after solution treated at 1173K and 1223K for a 0.001mass%P alloy.
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Fig.2—19 Equilibrium phase diagram in Cu—Cr system.
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Fig.2-20 Resistivity changes during aging at various temperature in (a) 0.23mass%Cr alloy

and (b) 0.3mass%Cr alloy.
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Fig.2-21 Time—temperature precipitation. diagrams during isothermal aging in
(a)0.23mass%Cr alloy and (b)0.3mass%Cr alloy.
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Fig.2-22 Hardness changes during aging at various temperature in (a) 0.23mass%Cr alloy
and (b)'0.3mass%Cr alloy.
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Fig.2-23 Avrami plot of precipitation fraction and time in (a)0.23massCr alloy and
(b)0.3mass%Cr alloy.
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Fig.2-24 Values of parameter based on the results in KIMA equation analysis. (a)reaction
index n, (b)logarizm of kinetic constant log b.



Fig.2-25 TEM images of precipitates in Cu—0.3mass%Cr alloy aged at (a)773K for 1.2ks,
(b)873K for 3.6ks and (c)973K for 18ks.

b)

150nm2

Bo/ /Iy BpAZp

‘Fig.2-26 TEM images of precipitates in a Cu—0.3mass%Cr alloy aged at 973K for 1.2ks.
(a)Beam direction is parallel to zone direction of matrix (Beam//Zone) and (b)beam
direction is not parallel to zone direction of mairix (Beam A Zone).
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Fig.2-27 TEM images of precipitates in a Cu—0.3mass%Cr alloy aged at 773K for

(a)1.2ks(with Beam//Zone),(b)1.2ks(with Beam A Zone) ,(c)192h (with Beam//Zone) and
(d)192h(with Beam A Zone).
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Resistivity, o/nQm

Resistivity, p/n2m

. Variation of Resistivity,§ p/nQm

Variation of Resistivity, 5 p/n2m
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Fig.2-28 Resistivity changes aging at 773K in the different ratio of nickel and silicon

concentration. (a)value of Ni/Si is 1,(b)value of Ni/Siis 2, value of Ni/Siis 2.5 and
(d)value of Ni/Si is 3.
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Fig.Z_—ZQ'Changes of variation of resistivity change aging at 773K in the different ratio of
nickel and silicon concentration. (a)value of Ni/Si is 1,(b)value of Ni/Siis 2, value of
Ni/Si is 2.5 and (d)value of Ni/Si is 3

53



13OQ°F
12001
1100000

1000

Temperature
Q

)
S
=]
T

o
S
<

FeeOXX AN X X X X X %X X X XX XU XX X DXx ¥ xr

‘700[ 1 L L L L 1

o-- - Heel Evolution on Cooling
o - -- Homageneous o Siruclure
X - - - Helerogeneous Structure . H+0+y 7
o- - -Homogeneous ¥ Struclurs

Y is the Ni Si, Containing Oopper in
Ilre Form of Sa/:d Solulmtr 5

H+a+y
Y44

at ¥

10 30 40 50 60 70 R
lo 1 1 20 ] S| '| | 1 Wl' '/'1 ”l :
0 10 - 20 30 40 50 60 .70 80 90_—T.‘).‘
. . —’Wl. % h‘r,S:
The Sectional Diagram of the System
Cu-Nij-Si on the Line Cu-Ni,Si.
1300° ~
12001
ook H+ats, M+& : M-H’ +4,
M+a . ; T <
- H+aty . +H
« 1000} ]
5 « 1
3 at-y
K 000 sfx. x XX X X X XX X XX x ¥ % % x x xi I«
.\ .
' . ' 4-'7'
ool #
49_ G xx  x 1
=
+
700 L ! . . | | L
: 10 20 30 40 50 60 70 80 84
. Wl % NP . ‘
[ L | I N 1
0

Fig.2-30 The sectional diagram in Cu~Ni-Si system on the line (a)Ni/Si is 2 and (b)Ni/Si

is 2.5. ..

T ]
20 40 60 80 00
— W% NiSi, - :,

The Sectional Diagram of the System (‘u Ni-Si
on the Line Cu-Ni,Si,.

- . -



Vickers Hardness (4. 9N)

Vickers Hardness (4, 9n)
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Fig.2-31 Hardness changes aging at 773K in the different ratio of nickel and silicon
concentration. (a)value of Ni/Si is 1,(b)value of Ni/Si is 2, value of Ni/Siis 2.5 and
(d)value of Ni/Si is 3.
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Fig.2~32 Transmission elq_c_trop micrographs after aging at 773K 72ks. (a)value of Ni/Si is
- 1, (blvalue of Ni/Siis 2, (c)value of Ni/Si is 2.5 and (d)value of Ni/Si is 3.
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[001]Cu

Fig.2-34 Diffraction patterns after aging at 773K for 72ks.(a)value of Ni/Si is 1,(b)value of
Ni/Si is 2,(c)Value of Ni/Si is 2.5,(d)value of Ni/Si is 3,(e)illustration of diffraction pattern
in Cu—4mol%Ni-Si alloy.
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Table 2-5 Crystal structural data of phases in Cu-Ni—Si alloy.

Crystal Axis constant(nm}

structure a b c Morphology

" Phase

Ni=Si Orthorhombic | 0.500 | 0.372 | 0.706 Plate

NizSi Liz 03508 0.3506| 0.3506| Spherical
Cu fcc 0.3618 0.3615| 0.3615
Ni=Si (010) 5
® ist neighbor atoms |

O 2nd neighbor atoms

(from interphase interface) .

O Cu( 110) O

T~
=

[110]Cu [1 OO]Ni?Si

Fig.2—39 Schematic explanation of atomic position in Ni2Si and matrix.
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Fig.2-41 Resistivity after aging at various temperatures in a Cu—2.5mass%Ni—0.6mass%Si
alloy.
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Fig.2—=42 TTP curve during aging in a Cu—2.5mass%Ni-0.6mass¥%Si alloy.
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Fig.2-43 Hardness changes during aging at various temperature in a Cu—2.5mass%Ni-
0.6mass%Si alloy.



¢ Cu,Ni2Si
A Ni.Si

Z=1[112] Cu,NixSi

Fig.2-44 Transmission electron micrographs of precipitates in a Cu-2.5mass%Ni-

0.6mass%Si alloy aged at a)773K for 3.6ks and b)973K for 3.6ks, and ¢)diffraction pattern
aged of precipitate aged at 973K for 3.6ks.
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@ 0-5um | s 0.5um

Fig.2-45 Transmission electron micrographs of precipitates in a Cu—2.5mass%Ni-
0.6mass%Si alloy aged at a)773K for 120s, b)773K for 600s, c)973K for 120s and d)973K
for 600s.
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Fig.2-46 Avrami plot of the precipitation fraction and temperature dependence of value of
- parameters in a Cu—2.5mass%Ni—0.6mass%Si alloy at various aging temperature.
(a)Avrami-plot, (b)reaction index n and (c)logarizm of kinetic constant log b.



Maximum Variation of Vickers Hardness
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Fig.2—-47 Relationship between maximum hardness and variation of resistivity.
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Fig.2—-48 Plot of analyzed results in the precipitate hardening mechanism in Cu-Fe,
Cu—Cr, and Cu—Ni-Si alloy.
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Table 3—-1 Chemical composition of Cy

~Fe alloy.
_Cu |

Table 3-2 Chemical composition of specimens. (

Symbol | Fe [ or

mol%)




3. EBMERBIUER
3-1. BRI HERFR IC BT B A7 B D iR HH
3-1-1. #atpf DAL

Fig 3-1B8& UFig 3-2THtEM & L TRW SO FHEB L OSEM G257, B 07 v
P 3h7 - AR (DAS) 1350 um TH > = EPMAMTE R 2 ERBIBIELTI Z EIck>T. 7 V3
AMEFERIZIZ, 20at% SnOMKE S D 6 M, 125 NITFe &P DRFHREMN. 1~2.200H B2 &
ME5Fe P EE X S5 NDRKFe-PIL MM AR I N7, DAS BREICB LTINS OHAE
RINBZOR SnBLUP N1& 0N WHEREEES, BEOBRIZBWTT /F 5 MR
CIAEDOBRENEZ 7220 ThHh 5,
3-1-2 EEBEINBGBRIC BT 5 BE(L %S

Fig 3-3 i, AMEBRIC K > TRO AT L D HIEFIBAO B S BECRESEE OBEER
T, BB RIS AR £ & LT L. 1203KEL L THIRI L T B, SMEIEIC & > Tl
B RE RS0, B E T RINCITMT 5 2 L1328 L WAL FHHICE S5 T3R8 0
HAK1203KL LIZBNWTERINDEI DO EEZSNS, LHOLANS, HHKRS THBFeS A
BRIIBEMITBOTIWETH D, Cu-FeRIRER 'O TIL, 1093KLL LB W T o BABRICH Y
D7D, FeIN DR BB BBICHBERIFL TNWDZENEZ SN S,

Fig 3-4 IZ11T3KB L TN 223KIiC BT 14, 4ks (4h) I UE 217 - =3B O E R,
223K T, SFBICERD 5 NAFe PN —EREREL TWA M 6 MIZABLL Tn5, —
77, NTSKIERL MM T, SFRICEEL T2 RHEHEDRET OB E(ITH#TF L TWS A, &
A LB BRI 72 12T U2 iR S L L/ BHRIR DN BRI s, Z ON MO TEMEILZIC
Lo THSN-HHEEFRB XEFAR v 2Fig 3-5ICR T iR IR OFHES b 5, EHL
oM K SRS RS 5 IE A it (tetragonal) 2B DFeP TH 2 2 ENbM o 7=,

LEDHREID, MBDP OFEET SCu-FeRBLITBNT, 1203k FOBKILIEE TId.
FesPAHTHT 2% 1203KEA HICHRIF T2 Z LT X DR OB B RENB SN B EEZ S
ns,

3-1-3. BAMEER B IT BT B4 H 38

Cu-1%massFe & & DEERIBRICH T BHHBBHICTONTIZ 2EICBVTRL A, BEE
%Aiitﬁﬁ&ﬁﬁ&tﬁH%ﬁﬁ%@KDMT%%K?%E@KJ%W@%@KDMT%
B U7 Fig 3-6 IR LSRR ZNRBIC B 5 HIEF L2 E L R E R T, SRR E
EHRFE OB IR > THESEORED, DEDHHEOHMMAR S BBEOETE LS

83



AT B KT SEMERL TS, £, LI O & 1223K4F OB 4 HIER RS 17 35 1
T, féw{tﬂﬁt:éxéht%‘é?mfﬁﬁiﬂgiﬁ%)B%f:éh%’a CEZL>TFeEFEDHE
tERTII25- 2 AR U S DRD L 7= Eyfie & FERRD 738 - IRZEFLDTZ-WTIMT & > THMR L Hr i
PINEMUZBBEENSROT> TS EEZ 503,

Fig 3-T ZHERABICB I 2B 205 UZERERE RS, IR E O/ L1223k At
RIZL DTS LENKE N0, P OB OB E ISR I E L T 5 b 0
EEZLND, iz, EOBHIBICBNT AT AR R & BB 2D DE X DL -
%éﬂé:&ﬁ@hﬁﬁﬂ&t%mtﬂ%%@ﬁmﬁm%%ﬂwmLTméB@&%zBméa

Fig 3-8IZ9T3KIC BV TR 21T o 72 BRI AERL L 7= 47 U O TEMS £ 5754 300s £ TORELH £
BeE (10s, 465, 3008) IZB W TIHIRIRY V015 255 EX D, AT RARIC B AT
L7zr-Fe TH5,972bb, Fig 36ICRENDZWIELTED 5 NT T B B DB {1
7 e KL DHTHMILICER Y 5. £7z, BRIBIAES (105) 125 TIHERIRY YOI 1245s
KM ERLBT D EERITMMTH D, LA b DELD) -V DHHENREENTIND,

Tz, HTHHER B R OB S48 (3. 6ks) TI, RSB N TEBEINE v -Fe DIz, 1
KRB LUBR O HMDTEE L Tlar-, NS OMHMEFRET 50, B L% E
@kbﬁé%#mmb%fﬁwkmﬂ&ﬁwxwwvwh@Eﬁﬁﬁﬁ%ﬁotﬁﬂtamf

84

Wi = B8R L /=458 Fig 3-9 CRSNIEE S RIEH B OFePHNEEE N~ 2812 BT _

10. 033mass¥DPZF LA RIT BV TIETEL DR & 15 7= 8, PEMDIZN0. 012massy D et
CBNTHFePHHERINAEZ & L0, Cu-ImasskFe & RICHMBRPEZRML TR SN 32
BELEEE, v -Fe LFePOIEMIBICERL TS S LRI NI,
3-1-4. BARMIEIEIR BEBUT 351 2 H7 MR AE & 7 M8kt ekt

REEIEBRIZ B B HIC L > TRBBHERNELT 3 & EERF OME, DX D ERER
ORBEECHEERIFTEEZ SN ED, BRI & DR TERT 2 HABIC L 2
ﬁk%ﬁt?hf%%tLT8<%Eﬁ55JEKBwTﬁ&ti5K\éﬂﬁ?ﬁﬁﬁti
DAURRBIEE R & 0 B W O 7 HiEE L A ERBN B ORI &R 5 2 & BL U
SHHVHBERE I BT B EEIZ W AT (cutting) =7 Az & 2 - EMITRE NN, B O & Bl
ICHT DML OHIZ & MBI DWT, Brawn &Han®", Gerold &Haberkorn“™ 5 L X
Cuyol YD v, BERE 5 & NI B O i T 0 S5 o e

Brawn &Ham%Gerold &Haberkorn® & thGuyot DESHHYIC L 2B ERICRE 21T INE D

NI ENLOF AW (cutting) Itk > T{bah, —h, HRACHT 93RO0 -7 Y 4 %58



85

BT HEDENICL > THIEE N BN 4N Abypass) REIZ X 5 Z EAURI N TS, RS 0%
TMEBNTHHY DEBES R AUNE WBE (140, 01). PTHBRICR ©, AT LR & %
[EDRITIEL FITRT &S R EET 2,
Tocf¥. e (3-1)

CIT aDEIIBIMIBEIC L Dt hzms a=1/2&7 0, NN I L vt an s
LBIlida=1 LWSHEEEDZ iz, LEDOBRICHL T, () HHBIE @ o
{ERAHIZHHIT 59 (b) Wit O RS B I HT L B ARIC BT 2. (c) Writi# o 24
PRITIE BURERD & BENRERET L DFE D RICHHIT 2 W0 P9 SR ming - EiZko
THRE-DIFUTOL BTN 2,

AH=K- ARV*- (D~ 1) =™ (3-2)

CCTKRHTHEHOREREER 2 S AL ERTH 1 + D=Doexp (-Q/RT) TH %, X (3-2) 2L L
THREZEEDZEIZED. RG-DEhs, oo, VI DR E % #HE T 28D =DH 0
ML - R 130 2ERTH D DIZEHIHEE L TS 2 & Tx 3,

log (AH/AR")=(a -w) 1og ((exp (-Q/RT) - D) +log Do-K  (3-3)

RE-DIZBNT(a-w ANTHIUIBIMEMEIC X D81, (- w) OTHIEIN AN M- & 2%
LRI ->TnaLtEZ NS,

Fig. S-10IZRFZhRE (L AR 12 35 VF 2 B8 4L (hardening) B L 81L (soltening) EYREICHL T, Q
(CFe DI D 728 DIEMALIINE - (213K] /mol) ERWTE-DRICL 0B TERRERT,
Fig. 3-10IZ/R L 2L BBt iz B Tl BT3B L UNITIKDRFNFIRI & RN T, (0 -mD0&7eoT
B, BUMTHRE I L 2L 2 > T g LEZS5NS, —A, BALBERICB LTI (a-w)<0
THBIEMS, N AN ML amIE s TS EEZ SN S,

ULDWREMBICTRRT 25, STIKIFZNALIRHE 0> | YR (L ERREE (155), 2EviEp By
(1. 2ks) 3 & TRER AL BEBE (5h, T50) DEBHI A LTI % M & 7=k TEM BB %Fig 3-1112
N | BEREALEERE (155) 1280 T, S OE D SRR D# A TIREEMRSD 5 1T, 8IS i 1=
FOBEPMEZ > THBNBEEZ NS, -5 JEEREALBERE (1. 2ks) 12 BWNTIE, BT DI A
E#ﬁﬂj%&%h‘f‘mtﬁm}fﬂj%&ﬁf#?‘L’C&ﬁ??éﬂé RO, 2B B O BRI k(1 B
K‘%@fﬁfﬁgéﬂé &G, E_MH&%?m#{ﬁ\ﬂf;5716?)5%?%%”7;0)%&73\%?71 A
L. iz:tm\z< DFTHAEN AN I D BB T2 DIz pE L SNBHBRIEHE LRI R,
FesP & LLBREIML K72 v - Felzstt L TN (N MERICE DO KA Z 0, BN S 7 7 -
Feffr I D L TIZ Il ASE - DIEB OB ESMIHEAL TLB DL E 2 513,



873KB L TNITIKRFEN b D 1 BRI (L BX B #IHIC B THIWTB IC K 2 EAE Z > T BICH
WD 5TFig 3-1007 7 MIBNWT, ADAE 2 b DBEMMNEEL TH D, L0 W& F
BLTW3, ZOEHBEL T, LERDEE TONEESENRERIICHTEOH S AHEHNTR
2o TNB =D, FFRE () OWHLBEEEL TRESESALTH S E 0D SRS
NTWRWIENEASNS, T, MHEANML OB LSRR EOBEBRERELZ. 0
BEREFig 3-12ITRT. 2RIEBNTH—HUR L7278 S BRI e %w=0. 3 TBHETES
DIZH U, TR T (o) DIREL O BITHAMLT PXE FBRMNEEITNEINWEE &
STBOAE () =zl TWaWh, 2N, HBRBIEE R S nrRses WSt L7sh -
b EEZBND, —7, WALBH 5h, 15 IZBW T BEINSFHEDELAELTIC
B HKEATND 20, N AN I L 2BEDEZ > TS DO EHERE N, BILT WX D
fRMTERE—BL T3,

lEDERMNS, B EEBRITB TS HBRICB W THFePR T H5REITBN T, 2
Bt RRZRT EEASNS,
3-1-5. HgE S HIBRIC BT i HES)

B R DR B EIL, FRBRE TR ERAHITH 2720, FRIBEICB T 5 HES
CHEFREHBRICBITATHBE L OMNEE EABEND D, ¥ 1328 BRICK 0, ERnAIRRE
BT SHHECEENIT DWW TR L.

86

Fig 3-13 12V 33tiBRICK > THSN/A8TKE TOVIGHHEHE L X L OlR%ZRT . Fig

3-13 IZBWNTIN~150K/min B ET200~10°K/minDHHHEERHE TLOOWMKESBLEINT
B, AIEDIO~150K/min O HBREBHIRETIZ v - FeB L UFePAB{LM &7 0, BED
BHE VG HIEESIC BT 558 MLy - FelEX SN S, £, SRABEM T B O
KEZREMLTE D, iR 7 OEBEESFHECEICHBER DI EZ2RRL TS, ZOK
REEFRFDUEIC L > THEONIE/BRLE-HKLTNVS,

3-1-6. BN TIBRITHB TSI HEE)

VIl BAERIZE D, v- FeBXUFe:PDLUHAHTE 2 IR HIEEE KA 150K/nin T TOM
TOHEEZREL = MTHEI0~30% , M TREAHI2IK~1023KOEHA T TRBM T 27> 2%
DHHBARICBIT2EBERBIUVHE S OE(LEFig 3-14 BLUFig 3-15 1TRT. T 5IT1023K
T %47 - % & 823K THAHI BT - 7 IO LB Fig 3-16 17T, Fig 3-1310F
U BBEEED, MITETOTICHAHL 2SS EOVER) ITERTNLE{T> 2 Ha0F
DMEBROEANKEL B >THBY, MIIZL o THRFRERHEA I TUZA R OIS HL



87

BORENEZ D, IHEMNBML TS Z &5, L LEERT, MTRY ITTL 1%
AU TN EOMTRTIIBITHAD LTS, Fig 315105 L MEIC B0 T, T RAE <
RO, MTHROBHBE CHERMBEEC L1283 EMND, I 2RV SE % B
ADEHMBEREC LAHPOBRTFRIENEELETS E & CHTHEEER b DN 2 b0 &%
ABND.Fig 3-14 IORLAEBEIBIZBNT, SEEE BMLZTDIRWESIZETHNT
ZITo MBS THEINE < Ao TV EHIIMTEIZL BOTH D, xRzl
PSHETS S LA LM ABIIC R OB S O -)2%80 515, MEOL i3 7 - FeD#fr
HTHD, BEOL -V 7~ FelFePDMINHIC LB D TH S, T HrH D F B MY 102 3K
CBWTHTZITS CE K VAHTMTOBIOL )t L& LTWBDITH L, #riH e
B2k TOMTIZZ DB O/ HBEROBMICB I 2@ DL VELERIETHE, ARG T
DTV 7 - FeDHZEE L, AHBHOMTIE FeP OHFHEEER NS 2 EEZ SN,

3-1-7. Hr H SR & & O BN B2 17 BV 2 47 Hi 248)

BEEIERREICBNT, Cu-Fe B VLM T DI HIHEE AR & 1\ /2, B BRI B B4
HOBEENE T BT EEMIREAE < &0, AT EMET 575 D107 D OFE
BIEPBELIE B Cu-CrE B L UCu-Ni-Si & Ic B U TIIBIC B U TR LA L 5 17973k
UEOBEBE T TORBIEETH 2 7~0, AREEER TONHIIEC D #VRRIC S 2 L&
Abhs,

BLEDZ &5, CuFel 12510 Tl MUEAEBRIC 515 S AR = & & 122 1o
PS8 5 HHERSBEE 2B Ci-CrE S, Cu-Ni-Si&& Tld, BBIEERRIZHB W TIZF
HEMH TE 2R EZRNET I LN LAEE I > T< 5 EEZ5N 3,



Fig.3-1 Optical micrograph of the ingot in a Cu—Fe alloy.

Sn-rich Cu

Fig.3~2 Scanning electron micrograph in a Cu—Fe alloy ingot.
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Fig.3-3 Relationship between the decrease of resistivity during heating.
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Fig.3-4 Scanning electron micrographs of the ingot after solution treatment at (a)1173K
and at (b)1223K for 14.4ks.

Fig.3—5 Transmission electron micrograph:(a) and diffraction pattern:(b)

of precipitates
Fe3P in Cu-Fe alloy after solution treatment at 1173K for 14.4ks.
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Fig.3-7 Changes of hardness during aging after solution treatment at (a)1173K and
(b)1223K for 10.8ks.
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Fig.3-8 Transmission electron micrographs at various aging conditions.



Fig.3—9 Transmission electron micrographs:(a) and diffraction pattern:(b) of Fe3P
precipitated during aging at 973K for 75hs after solution treated at 1273K for 3hs.

93



2 i I ‘
(a)Hardening stage 01st:’773K
} Wist873K __
’ © A1st973K
N . ‘ ® 1st:1073K
- ' : T T 02nd 773K —
T s [12nd:873K
Sy . " __ A2d973K |
. : O ©O2nd1073K

—
e}

—t
o

log(AH/ AR'?)
N

\

08 i
15 <14 <18 12 -1 -0 -9 g 3
log (Dt/mol m™®)
2
i & 1st:773K
(b)Softening stage MY
18 - A1st973K ——
@ 1st:1073K
< 1.6 - e ____ ©2nd:773K
g | 02nd:1073K
% | ! |‘
~ 14 | - | ‘
N | ) 4 |
w L‘ * O...
\& b ..' .o o L]
212 ey A : g
S e ‘e
1 E I
i
0-8 i
-13 -12 11 -10 -9 8 7

log (Dt/mol m™?)

Fig.3-10 Precipitation mechanism according to eq.(3-4) at (a)hardening stage and (b)
softening stage.
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Fig.3—11 Transmission electron micrographs in Cu-Fe alloy cold rolled at 15% reduction,
after aged at 973K for (a)15s,(b)1.2ks,(c)5hs and (d)75hs.
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Fig.3-12 Relationship between aging time and average size of precipitates at 973K in a
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Fig.3-17 Transmisson electron micrographs of pre-aged specimens.(a)pre-aged at 773K
for 600s and (b)pre—aged at 973K for 3.6ks in Cu—Fe alloy,(c)pre—aged at 773K for 3.6ks
and (d)pre—aged at 973K for 3.6ks in Cu-Cr alloy, (e)pre—aged at 773K for 3.6ks and
(fpre—aged at 973K for 3.6ks in Cu—Ni-Si alloy.
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Fig.3—i8 Changes of yield strength caused by cold rolling in (a)Cu-Fe

alloy,(b)Cu~Cr alloy and (c)Cu-Ni-Si alloy.
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Fig.3-20 Transmisson electron micrographs of specimens, cold rolled at 15%
reduction after pre-aged. (a)pre-aged at 773K for 600s and (b)pre-aged at 973K for
3.6ks in  Cu-Fe alloy, (c)pre—aged at 773K for 3.6ks and (d)pre—aged at 973K for 3.6ks

in Cu=Cr alloy, (e)pre—aged at 773K for 3.6ks and (fpre-aged at 973K for 3.6ks in Cu-
Ni-Si alloy. '
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Fig.3-29 Yield strength changes after annealed at various temperature for (a)Cu—Fe alloy,
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Fig.4-1 Calculating process of degree of precipitation with using adding method during
non—isothermal process.
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Fig.4-2 Relationship between the function of g(o.T) and the density of dislocations.

Table 4-1 Chemical Composition in Cu—Fe,Cu-Cr-Sn and Cu—Ni-Si alloys.(in mass%)

C/Ce:100

1 10f 108 1012 | 1016 - 102

Density of dislocation (m2 )

Symbol Fe Cr Ni Si Sn Zn P
Cu-Fe 1.03 0.49 | 052 |0.012
Cu-Cr-Sn |——| 0.23 025 | 022 | ——
Cu—-Ni-Si 243 | 054
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Fig.4—-3 Avrami-plotting at various temperature in a Cu-Fe alloy.
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Fig.4-4 Avrami-plotting at various temperature in a Cu—Cr-Sn alloy.
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Fig.4-5 Avrami—plotting at various temperature in a Cu-Ni-Si alloy.
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Fig.4—6 Parameter values of (a)n and (b)k in KUMA equation.
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Fig.4-7 Changes of electrical conductivity in (a)experimental value and (b)calculated
value during continuous cooling process in a Cu-Fe alloy.
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Fig.4-8 Changes of electrical conductivity in (a)experimental value and (b)calculated
value during continuous cooling process in a Cu-Cr-Sn alloy.
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Fig.4-9 Changes of electrical conductivity in (a)experimental value and (b)calculated
value during continuous cooling process in a Cu-Ni-Si alloy. :
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Fig.4-10 Optical microstructures of (a)hot-rolled Cu—Fe alloy (b)hot—rolled Cu—Cr—Sn
alloy (c)hot-rolled Cu—Ni-Si alloy.



143

‘Aojje IS-IN-nD pajj04-10y(0) Aojje ug—i9-ng psjjo
-10Y(q) Aojleaj-nQ psjjoi—joy(e) jo saewl 2dosS0IoIW uo.a1098 UoIssiwsued | | |31

1S=IN-ND us-19-n9H



144

90 o % % ;

45 _ e b Vo S
40 I | . o I
35 ;wm ' % WUV SUU

% |1 [ A S ? e
25

20 = S Cu-Cr-Sn  Cu-Ni-Si  Cu—Fe
i . A e ' =
15

L ]

20 25 30 35 40 45 50
Measured value of E.C. /%IACS

Calculated value of E. C. /%IACS

Fig.4-12 Relationship between measured and calculated value of electrical conductivity in
hot—rolled products.
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SEHEELEESETAOROEIEIL BEARICE DB« OMHBHOREEREREZFEHE LD
DTHY, BUREIIKERNEZ D &Ik o T PHEENE(TZ I LE2ERBLEIET, H3
FEHHOEITEEDITHRRERNKEL R, HHHENHLTIZLOMELERLEDHD
TH5,

—A MHHEBEE 2R T2 ROBIHIIHERIT I D EMT 2 HEEOE{LERLEZHD
THY, FUHEZHEALENELL, WRTIHUHOE(EERL TS,

LERORZEZRBREERBLUVELRIICB T SMEEBCDONTEZS L UTOX DTk
b,

(DREFEHEBITDrBLION
dren/dt=DV(C(t)-C;) /(C,~C}) Teom
+Teomt/Neant (T =Teomt & 1¢/2) +b-dr /dt (4-30)
chohl)d’t:Jcohl_Ncohlb/ (Tem—r)dr./dt (4-31)

Je=Kexp{-b/T’(In C(t)/C)} .
K,=K,mC,'D/ A *exp (-tinc-C,*/t)
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Feon ISR FFAE BRI AR U FE ARSI 1R, Teu RS GL BRI 31T 5 W7 HH A A OB,
N i EREHERIR M ICER L EMEAOREE 2R T, LIRFE—HERIC L > TRAERO I
¥R raonELd 2EEERELZBOT UFOIcEIh S,

Ki=exp(-4/3m 12 1 0d/2kT) (4-32)
ZZT odid=frBEE, 1 IZMIKETH S,

Q) BRERREB T BrBLUN
1) A HIAH
dreae/dt=DV(C(t)~Cp) / (C,~C)) Tean
+ Jeane/Neawz (T~ Teanst 6 1./2) +b-dr,/dt (4-33)
Neanz/d t =T cor—Neanah/ (reone—1,) dr,/d t (4-34)

Jea=Kexp{~b/T*(In C(1)/C,)}
Teond (S A BRI AE PR U 72 A7 HAR L3918, Toon RS BRI IC BV 2 47 AR AR R AR, Noowab2
BRAESICER LU FEHESREEE2ET,

2) JE A LT A
driac/dt=DV (€ (1) =C}) / (C,~C)) Te

+ (Neonr=Nine) / (K +dX; ) /Nine (Teoni=Tinet 6 Teani/2) dXree/d t+b-dr /dt (4-35)

ANine/dt = (Neom=Nine) / (Koo tdX ) dXrec/d t

~Nincb/ (Tinc—1,) dr./dt (4-36)

Tinckd FARE B R OB BN & 0 FHER IR L 3BT TR, | BRI
B BIBETIHHRBE BB Nl BRI AR U BB A AT AR S B %
7,
3-1-4 HHIc L B IFEEBEROLL

BT OBEEBEERIT nass balancedRIZL > TRDZZ EMTELN BRE/HOE %
Hiko T, 2%0 CRTBIELNTES,

D RSB L CRARRRO S OWEEER 2 L L TROES B8, UFORTRI N,
*ﬁtﬂ*ﬁ@&.ﬁk‘ REREIZENWT, 1DOC() TEHET 3.
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(CO_C (t) ) :4/3 7T (CD—C (t) ) { (I_Xrec) (rcohla'Ncahl) +Xrec (rcuh23'Ncnh2+rinc3'Ninc) } (4_37)

DREMBIMEABREDNENTNR L FEBEB RS, MRS 8 ORI IRE 2 HUER
SNBEHIWDEZSNS, ZOHE, BHEHEBRIL,

(Cy=C (1)) =Xeee (Cp=Crec (£)) + (1-Xree) (Cy—Carec (1)) (4-38)
S AR T Dmass balanceld,

(Co=Cree (1)) =4/3 70 (C;~Crec (1)) (Teons® Neanrt Tine® * Nine) (4-39)
KEE ML T Dnass balanceld,

(Cy=Corec (1)) =4/3 7 (C,~Corec (1)) (Teant® * Neors) (4-40)

ZOBEITIR FREGE KREFER T TN T AEBEBERNGFEI NS =0, REREK &4
FBES & BT« OEEBEIBRZRALTEHET 3.2 0 X AT, BRAERERE/KRTRO
BHREZENLEY > TH D, SEOHEORVMEATIL DDOEXAHZRAL TEEEF-
7z, )
3-1-5. HriitH DIRTE S B

REREREEFREICEET STHBEOREIRIIUTOL S IcREIN S,

Varee=4/3Nnet* Team®  Vree=4/3 (Nuoa* Feonz’ +NrecT inc’)
P> T O SERE S RIT
Viotsr= areeVarect KrecVreo) (4-41)

TRES, Lo, SRDFEHFITBIT D HI R, LEEIC BT 27 HHEO KR & BRI

B sHrHMHOBEOIZRE Z&Mn5
f.=(C,—C(1))/(Cy~Cp (4-42)
T CRIEEEEDRTIETH 5.

RIEIC L > THS N DM EERIT L - TESNBHM & I RE S, N 539749547
VT30 ZFAGEKBVT MIBLUOANEE MR R 2/E- L - A8 B L UEER
TRZUTIRT,

() EBEE

BBHE LTI Cu-FeRA R, Cu-Cr-SnRkA & £ UCu-Ni-Si A & 0 BRI %, SETE

L 10MIRIC U 7= fHBHE IV 2o, BOB O AR £ Tab led-2ic R,
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U10mn/EiZ U 7= #1862 e, BB O a2 Tabled-210 51 T,

(DEBRTHE

REHEHI 21T o 72aB 2 1223 MB L, BEEE L 4mn/E & U, Bk, REFEE T - 7214, 2on
EETHEEEL 7z, ZRUTIT3K 3. SksiAEAERIEL 72 O & 6t36 & Uiz, it i,
50¥DM LA THHMIET 5 7218, YW AHTET3KA 5 973KICT120s 0 5 T200s B L B % 47
W KKFIZBEAN 7z FEAN 3R &, SRR B R 7 ) BERAE AN VRGO HL. B
R R, IEPTEZRD /=,

28, FREEDBIZ, 2006512 THRE U2 BT 2L 2nnfl OB Flyva e 58, B
BAEFRZNINT D ZEick o TRD 72, S TEME E T3, RES R 2% < 1
THIETK>T BRI N5, BREHMERYTE S,

(3) BHHEFE

2-2-3EIR LI B AR R E FRICAZ 72012, 9B DIY Iy ke L TEERAT I SR
Oz, it OERE &f;%ﬂ*ﬁﬁj@i’éﬁ@?&%b&. HERHOBRERBE S RFEEEEOBEER
BEZEET 2K G-30)ICE T Znass balancek D RD 7=,

BHELN SA-3 07097470 1 UFICRTHRES L < RERICTH 5.

D A A OB AR MK (2. 14X 10%/n°) B L O3 0 #) HiME

2 ISR OMERE (C)

3) BRSO AR MR (2. 14X 10%/m) 3 L O3k 0 94

HHHAOREINF - (0 :0. 2~0. 351/n)
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Fig.4-13 Schematical representation of the microstructure change in precipitate—

hardened alloy during cold-roll and annealing.



Table 4-2 Chemical composition of Cu-Fe,Cu-Cr and Cu-Ni-Si alloy.(in mass%)

Symbol Fe Cr Ni Si Sn Zn Mn P

Cu-Fe 1.002 | 0.006 0.542 10.479 0.025

Cu-Cr 0.005 |0.255 0242 |0.210 |—— | 0.001

Cu-Ni-Si |0.002 | 0.003 | 2514 |0.561 |0.001 |0.003 | 0041 0.001

Table 4-3 Value of parameter used in simulational calculation.

Precipitation model

Nucleation site nuber m¢m3) | 1.1x 10"2(0/103)

Correction coefficient C.. | 4.5

Interface energy o (J/m3) 0.2(coherent)

* o :Dislocation dencity 0.25(semi-coherent)
0.25(incoherent)

Recrystallization model

Nucleation site number n(/m?) 0.68
| Boundary energy 7 (J/m?) | 0.6
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3-2. Mt B & OB FHIET NEHE B & ORI R
AIARREERER 2 LR T 556, BB RIIEEMICHENTETH 08 EHE &
TR EDRYfR, B LA EENA R & IIEPIE 2 BEEMINEE 55 OFE L WO T, Hx
TR O HE 21T, N 5A-) D % 3E Lk,
3-2-1. BTN 33-371974 )" 5 R
(1) Cu-Fe&RITBITBFHEN 74-971974 00
Cu-FeR & &1, BlA 5 KR I THELE O, B8 v Pl 2 ERT DM T ORRRE &
U TR AR 227 S R F OV B AR L, LA s LB OB SN ERE T O
BAEREBICKERMBERIIT 20, KOMMMEICH LT, 20OHBEEET 2 LEND 5,
BRENC I B DEE RN DR TR L 0 B/ WEA I, IR ILIER I BA X N Z5 ALY
MEERL FHE LTIERT S EE 25, 2001, 2070 B OB BIE AU A R %
LTWBEEZSNS,
WIEE DHEOAMET 2 B8 LRERNE S 5RETHERT 5 BE0IONEL 5N
W EROBZ ZHREARKTERL AN BETTOREHELVERTE 2,
o T BRAHML OMOIRANDF LI, BILOBBENEET S EEX 5L, RicBITS
WA R MK SR BRI ORI, LT 0 & S rX THREN 3,
mD=m-D,-exp (E,/RT,)
TZT, THBEHLRE. E Iz B0 =D OWEHILINE - (~1420001/m01) . D=5. 0X 107"
/ST B, B R Vi, 9500 - IEE & 15 B 72 o T2 TLIIE L X 10%~ 1 X 10%/10 L D) %
RONSIEB T ENEEENS,
7z, M E SO REING 13, ATHEASEEHT, LA b MVNE e, Ci-Cok
BRICBVTHEINTNS0. 2I/mENS {EEHNEY,
ERMEITK U T 21T o782 %Table 4-31T5R T,
(2) Cu-Cr-SniZ BVF BEHEN FX-974954 0
Cu-Cr-Sn&r &3, RERNBRE TIDAASHT & 2 A3 LRI ER TI, BAT 25 DAL BB RN
Ti FEHIC I EA AR (beck) O HAE = 5, i T, FIHBE £ 3HET 5 546, Bl
BT, BROBSREINE - 0. 250/ (KRBT BEREI - 0. 2]/n BERICEDIE
L LI AT RELOF -0, 31/w M B CEES 5. 726, ML, RO SRR,
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BHEOBRERMANEBEENSEUIBHRAEOHENENDIBRELRZD,. BREBERRI 2
o,(D&Liz&LE,

DESRE o,(D<E(T) ¢

DESEERE o, (D2EMD) &
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BELRBROOND BERMM L TR R —ERMM UTELBE (5L <EEILOES
HRE) IKEFETA2HBEE2EEL TIXI0~1IX10%/0* & — AR E L TRF RO 14
X10%/m I WETRES Uz, 7497407 OFER T, MR B—BAER L D B RE—BERD
BEOMGEWNEE 2o 72,

SHEBEXDREINSN - JOMEETabled-3ITR T,

(3) Cu-Ni-Si & &Iz BT BEHEN 54-5749740)"

Cu-Ni-SiB&id Ni.Sift &Y 2HRE TR I &, B LSBT 2. > T #
HEIF - & U TEBAREI - L D BEN0.31/m' e N S EERA L7 iRk s LTt
POV ORBRE E U, BERM MR ZELBEOREEZITIT< WY, BTROKL 14X
10/ IR WVETREEZ K-S /=,

SRR L DREINEN IA-JDOMEETable 4-3ITFRT.
SI-EERERBIUERBR EDOE
(D EEBEEEEL

BABEELEE HERELENE L TS0, fHEC X 2BARERE (L & B L=,
FRBEIZBNT MITRFTHY T IEMFEELL IX10°/n'E UTFEL B E0OBEIEAE
BREOHBE#RZFig 4-141TR Y. Fig 4153 FEBRME LFig ¢- IR LA BEHEOBKREZRL
ZHDTHO, WTHOBLITBNTHEVHEEERLTNS,

Q) BRI BE

l%zh%“:nwéﬁzcswc. BRERE TR EEZMTRINHEYT 51 3X10°/n' L L TR
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THEHEEOH D, EREL D bAEREERLTNS, ZHiE FRRET MBWT, Hlim e
RROHEEAEZR (4-201RL 7= Zenernl2 &R MTR UL S IC ML L TIRO B> T
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L2ERTHLENDHDEEI5NB,
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BEREEICBIT L IGEICE > TH LN ZNTNOMBERS kSR, RERE 0B
S MEE ST HAHEIE LR OMEFig 4-18~4-231R T . Fig 4-24~2610 132 NI
BERITBNT, TIBKBLUITIKTEHE L /2 ETEMIC K D ERI L =R 2577, ITKEER&HT
W B & RPEICER TR DB R 5 N5 TI3KEI &M CIEt B O 5 N ERIE L 0
B/NS VIS B, Z I BRE THEMEEETIL SnmEL T D724 HAH S FE A ITBRH &
NTNRNWIEIREDEEZLND T, Co-Ni-SiBRITBWTITAFHEMHMA DIE 12 B4
THO, FEMEEEAEEDTIRKRES A>TNEEEI SIS,
FRLZERZEET S L, BHRBERELICBNTHERME B/ E ORI WL —3
RonTnwa I &0, AN AIREDO TR b AIfEEE 2 5N 5,
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SHEICHERL 2 R% EREOBEZUTICORT.
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Re: " 27248, 314, Ke: %" WUvv & %k1. 38066 ¥ 107, a2 7" 570 %46. 62618X 107
2) BHE YA
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DILWAEK D Do(/m’-s) Q(J/mol)

Do RIS ZHBE Y I8 E TR OILBREK
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Fig.4-14 Calculated results of solute concentration during annealing in (a)Cu-Fe
alloy,(b)Cu—Cr alloy and (c)Cu—Ni-Si alloy.



0.012
C
0
-
§ oo} (a)Cu—Fe alloy . 3
©
2
5 0.008 -
o
o
5 0.006 : o -
A & =
© |
£ 0004 2] -
5]
£
£ 0.002 -
[«3
x
11|
0 1 1 ] 1 ]
0 0.002  0.004 0006  0.008 0.01 0.012
Calculated Solute Concentration
0.004
&
§ (b)Cu—Cr-Sn alloy o
c et
§ 0.003 : ]
3
o &
5 0002 +-
o]
w
:-':
S 0001 =5
5] &)
=3 &
w
0.000 . ‘ '
0 0.001 0.002 0.003 0.004
Calculated Solute Concentration
0.05
5
® (c)Cu—-Ni-Si alloy
pu]
§ 0.04 - :
g =]
1] . mE
[:}}
5003 | =
O
]
w
5 =] H ) =
= B
g 002 - - :
§ -
i |=°
0.01 . : .
0.01 0.02 0.03 0.04 0.05

Fig.4-15 Relationship between Calculated and experimental values of solute
concentration in (a)Cu-Fe alloy,(b)Cu~Cr alloy and (c)Cu-Ni-Si alloy.

Calculated Solute Concentration

158



159

3 673K
O 713K
4 873K
© 973K

(a)Cu-Fe alloy

Recrystallized Fraction f

S i .
10 100 1000 10000
Time ,t/sec

o o
(=] co
] T

<
»
I

Recrystallized Fraction f

(b)Cu~Cr—Sn alloy

100 1000 10000
Time t/sec

e
)
!

(c)Cu~Ni-Si alloy

o
=3
T

Recrystallized Fraction f
<
S
T

[en]
N

I
o.

10 100 1000 10000
Time t/sec

Fig.4-16 Calculated results of recrystallized fraction during annealing process in
(a)Cu-Fe alloy, (b)Cu—Cr alloy and (c)Cu-Ni~Si alloy.



160

(a)Cu—-Fe alloy

17 iy B

[
.2
pre)
O
&
- 08
O
N
2 0.6 @]
n Lo~ : - .
el
1)
4
= 04 - : : : :
49
c
£
= 02 -
'
<
w = Er;g
opE——F ' : :
0 0.2 0.4 0.6 0.8 1

Calculated Experimantal Fraction

c 1 —
g (b)Cu—Cr-Sn alloy
o8t - :
N
B 06| 8
a
Q
©
o4}
8
C
[}
% 02 | : : :
g o .
O 1 1 1 1
0 02 0.4 06 08 1
Calculated Experimantal Fraction
1
(c)Cu—-Ni-Si alloy |
08 F ~ Eg
06 F

(=]
D
m
Ll
u H'E }

Experimental Recrystallized Fraction

1 1 L

0.2 04 0.6 0.8 1
Calculated Experimantal Fraction

Fig.4—17 Relationship between calculated and experimental values of recrystallized
fraction in (@)Cu-Fe alloy, (b)Cu—-Cr alloy and (c)Cu—Ni-Si alloy.



161

‘Aojle 84-nQ ul sejeldioaid Jo snipes a3eJone Jo snsau pajejnojen 81-F314

des /1’ awi)
00001 0001 001 oL
' T 00+30°0
Jusiayoou] —
>
Ziusiayon) — . m
13us4ayoq) -— 80-30°1 m
@
Py
1)
o
[ =
. (%]
- 80-307 %
3
W/ 913¢1=9 MEL6
80-30°¢
089S/} 8wl |
00001 0001 001 o1
_ T 00+30°0
jusisyoou] —

qiusiayog - 60-301 »
|3Ua49Yyoy -~ m
K
- 60-30Z &
a
) c
w/ 9138 1=9 M§LL a
J
- 60-30°¢ 3

60-30%

00001

000!

09s /1 swi}
0oL

ol
004300

‘W 913g1=0 Mel8

Jusseyoou| —
giuaiayo) —
[Iusiayoy -—

- 60-307¢

6030

60-30'9

60-30'8

80-30°tL

00001

000k

098/} awi)

001

0t
00+300

cw/ 913 1=9 MEL9 -

T

Jusiayodu| —

chwgwr_oo ........
|iuasayo -—

01-30°6
60-30'1

60-35°1

60-307¢

60-36°¢

W/l snipey adedsay

w/J' snipey adelany



162

‘Aojje uH—ny ur sejedioa.d Jo sniped agelane Jo SYNSaL pajenNden 6|— 'S4

Oww\.ﬁ awil |
0000} 0001 001 oL
w/ 913¢ =9 MEI6
JueIBY0oU] —
Zausiayoy |
|uadayoy -~
008/} ewi|
00001 0001 ol )

T

E\ 913’ 1=9 MeLL

Jwisyoy
|Juaieyo) -~

jusseyoOU| —

00+300

80-30'1

80-30¢C

80-30¢

80-30F

00+300

01-30'G

60-30't

60-36°1

60-30°¢

LU/,]‘ snipey SEE—IGAV

w2 snipey a3esany

00001

00001

me\.ﬂ awl]
0001 00l ol
JusISsyOoU] — _
ZIu48yoy -
|Iusiayon) -— _
098 /7' Bt
0001 001 o1
. urc\_msoc_..__ —
’ Z3usaayoy) - |
2w/ 913g1=9 NELY i

00+30°0

60-307¢

60-307

60-309

60-30'8

80-30°L

80-3¢'1

0i-36¢

01-30%

01-3gy

01-30°6

01-36°6

01-309

01-359

w4 snipey a3eiany

w1 snipey sgeiaAy



163

“Aolle IS-IN-nD i se3e3dioad Jo snipes aFesone Jo synsas paregnoen 0z-¥314

Omw\#. awi|
00001 0001 001 oL
. ' M 00+30°0
/o1 S e 80-30't
E\ OPWM—HQ v‘_MNO Wuv
| o 8
80-30¢ ®
Y
i+
=3
— - 80-30¢ £
JusIsyooU| — W
usIayony
a #00 - 80-30%
|3uaisyoy -~
.. 80-30'G
098 /)" o)
00001 0001 01 )
| _ 01-30°¢
01-30%
01-306 3
o
01-309 @
o
c
2]
DT 4 01-30°L &
. JuaI8YOodU| — 3
) uaisyony
w/ 9138 1=9 Mell Zausioyon | -
|juaisyon) -~

01-30'6

0000!

00001

me\u, awn |
0001 001 o1
W/ 9lIe =9 MEL8
JusseyoOU} — a
Ziusseyon) -
{3uas8yoy -— —
. 098/}’ QWi
0001 00t ol
B
. uwcm._oceﬂ.:.: — ]
cW/ 913€1=9 HEL9 Zausieyog)
juaiayoy -

00+30°0

60-30'1

60~-30¢

60-30°¢

60-30Y

60-30°6

60-30'9

0L-397¢

oi-3te

01-39°¢

o3ty

w /4 snipey sdelsAy

snipey oFeloAy

wy/d



164

‘Aojle 94—n9) ul uonnqrisip ajeudiosud Jo synsaJ paignoe) | g— 314

088/}’ awi]
00001 0001 001 o1
| _ 00+300
JuBIBLOOU| —
Ziuausyon -
w |=0
w/ 913¢1=9 MgL6 Jusseyog -~ —
- v1+30°7
¥1+309
29s /3 ewil|
0000} 0001 0ol oL
T T oo+mo.o
JWeJBY0oU| —
Ziuaisyoy

Jluaisyoy) -

1

i

W/ 913¢'1=9 NELL

-

L1430°)
‘Li+30¢
L1+30°¢

L1+30%

sW/N'SWN|OA 3un Jed sejeldiosid Jo Jaquiny

gW/N‘awnjoA un 1ad sajendioisd 4o Jaquunpn

998/7 awiy
00001 000t 001 ol
: - 00+30°0
w/ 913 1=9 Meg/L8
91+30'1
91+3072
jusisyoduf — NS— 91+30°¢
Nucm\—mr_oo ,,,,,,,,
|3ua18yoy -
91430
285/} swil|
00001 0001 001 ol

y 00+30°0

qw/ 913¢'1=9 NgL9

Jus48yodu| —
2uaisyoy -
jjuaisyon -

|

L1+30°G

81+30°L

81+36°1

81+30'¢

81+36¢

W /N'BWNOA Hun Jad sejeldiosid Jo Jsquin

cW/N'aWnjoA Hun J8d sejediosld Jo JaquinN



165

‘Aojle 4D-ng ul uonnqLisip a1edioaud jo synsau pajenoe) gg-'814

08s /) oWl
00001 000t 00l 0l
_ v - 00+300

9953’ sw|
00001 0001 001 ot
T T 00+30°0

W/ 913¢° 1=9 MELY - 91+30'1

w/ 9136 1=9 MEL6

¥1+30°C 91+30°¢

91+30°¢

< W/N'sWN|oA Jun Jad sajeidiosld o aaquiny

JusIeyOdOU] — P1+30V JU249Yoou| — 91430t
2iusisyon - FAULYETIL Yo
{3usIayoy) -~ [3us48Y0D) -~ - 91+30°8
71+30'9 91+30'9
295/ aWI] omm\ﬂ,mE_._.
00001 0001 001 0l 00001 0001 001 ot

00+30°0

T 00+30°0 T T

w/ 9138'1=0 Mgl

81+30'¢

81+30°1

1

81+30Y

81+309
81+30¢

1

W/ 9138 1=9 MELY
o . e . 81+30'8

: —_ — - 61+30°'1
JuBI8YOOU| d gre30t Juai8yooU|
uaisyory - usJiayony -
¢ Ho0 @ 400 - 61+3¢°1
. [IuBJ8yos) - |3uBi8YyoD) -—
81+30°% - 6l+av’l

w/N'swnjoA Hun Jed serendiosid Jo squny

w

cW/N'2WNoA Jun Jod sejejdioeld Jo Jequiny

W /N 2wnjoA Bun Jed sejeydioald Jo Jequiny



166

‘Aoj|e IS-IN-NQ ui uoinguisip ajepdioaud 40 synsaJ pajejnoje) gz-pSi4

285 /3° oWl |
00001 0001 001 ol
: _ A 00+30°0
W/ 913€ =9 MEL6
_ ST { vis302
A pi+30%
~_ /| 3usdeyoou —
™~ g Z3usisyon) -
|IuBJayoy -~
71+309
295 /7' Wi |
00001 0001 001 01
— 1 00+300
02+30°1
024307
Jus18YooU| —
23uB18YO ) w 0¢+30°¢
[IuBIoyOD) -~ ;
4 o - 0z+30%
LW/ 913¢ =9 MeiL

02+30°S

fW/N'@WINjOA Hupn 48d se3ediosid Jo sequiny

W /N'swn|oA 3un Jad sejeyidioasd Jo Jaquiny

298 /7' owWi|
0000t 000t 00l

0

W/ 9138'1=9 L8

1
00+30°0

61+30°¢

61+30'%

61+30'9

JustayooU] —
Zausiayon) - i
|uauayos -~

09 /1 swi}j
00001 0001 001 0
/.o qw/9lag’ =9 MEL9 |
uaIayoou| — _
Zauassyon) —
. Zrmgmzoo -—

61+30'8

I
00+30°0

0¢+30¢
02+30°F
02+30'9

02+30'8

AU/N'BWNjOA Jun Jod seiedioald jo squiny

£W/N'SWNjoA Nun Jad selepdiosid Jo dequin



Fig.4-24 Relationship between calculated and experimental value of average radius of

precipitates in Cu—Fe alloy.
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Fig.4-25 Relationship between calculated and experimental value of average radius of

precipitates in Cu—Cr alloy.
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Table 5—1 Chemical composition of Cu-Fe, Cu~Cr and Cu—~Ni-S;i alloy.

(mass¥%)
Fe Cr N i Si Sn Zn Mn P
Cu-Fe 1.002| 0.006 | — e 0.542 1 0.479| —— 0. 025
Cu-Cr-Sn| 0.005| 0.255| — — 0.242 ] 0.210| — 0. 001
Cu-Ni-Si | 0.002| 0.003| 2.514| 0.561} 0.001| 0.003| 0.04! | 0.001
( mol% )
Fe Cr N i Si Sn Zn Mn P
Cu-Fe 1. 141 ‘0. 007 | —— —_— 0.290 | 0.466 | — 0. 051
Cu-Cr-Sn | 0.006 | 0.312| — _— 0.130 0.204| — 0. 002
Cu-Ni-Si 0. 002 0_.\ 004 | 2.697 1.258 | 0. 0005 § Q.003 0.047 | 0.002
Table 5-2 Value of work—hardening parameters.
Aas) (/m? | ACT73K) (W/om?) | A973K) (N/mn?) n
ol.S. t oYV.S. | 0T.S. { 0Y.S. | 0T.S. | 6Y.S. | oT. ‘S. oY. S
Cu-Fe 143. 35 { 307. 89 | 160. 69 | 329. 91 | 157. 18| 322.59 | 0. 623 | 0.272
Cu~Cr-Sn | 122.24 | 279.77 | 123. 36 | 234.33 | 123.59 | 244. 05| 0.625 | 0. 248
Cu-Ni-Si | 185.27 | 332.44 | 164. 13 | 342. 94 | 158. 80 | 278.85| 0. 493 { 0. 344
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Table 5-3 Value of mechanical dynamic parameters, (a)elastic modulus,(b)constant of
strength calculation.

(a) Value of mechnical dynamic properties

Alloy Phase U Y VD £ up
GN/m® GN/m*
Cu-Fe 7 ~Fe 42. 1 0. 419 0.4 -0. 0097 54. 7
.Cu—Cr—Sn Cr 42. 1 0i419 0.4 0.025 70
Cu-Ni-Si | Ni.Si 42.1 0. 419 0.4 0. 030 100
Table 5-3(b) Value of Parameters
Alloy Phase ac as Te . Ts T
(N) (N) (N) N/mm?
Cu-Fe 7 -Fe 3 8.7X107° 8.7X107° [ 2.12x107® 400
Cu-Cr-Sn | Cr 3. 8.7x10°° 8.7X107° | 2.12X107° 600
Cu-Ni-Si | Ni.Si 3 8. 7X107° 8.7X107° | 2.12%x10°°® 800

Table 5-4 Value of da/dC in various alloying elements.(nm/mol fraction)

dadC da,”dC dadC da,”dC da7dC

Ti 0. 1617 Sb 0. 1083 Sn 0.1018 In 0. 0939 Cd 0. 085
Mg 0. 0618 Au 0. 0539 Ag 0. 057 Ptl 0. 0372 Cr | 0.0308
Pd 0. 0336 Al 0. 025 Ge 0.0356 Mn 0. 0361 Ga 0. 0283
Zn 0.0217 Si 0. 0072 Fe 0. 0072 Ni -0.0083 | P 0. 0150




Table 5-5 Value of &b in various alloying elements.

eb eb eb eb eb
Ti 0.4474 | Sb | 0.2996 | Sn | 0.2816 In | 0.2598 | Cd | 0.2352
Mg | 0.1710 | Ae | 0.1491 | Ag | 0.1576 | Pt 0.1029 | Cr | 0.0852
Pd | 0.0930 | Al 0.0692 | Ge | 0.0985 | Mn | 0.0999 [ Ga | 0.0783
In 0. 0600 Si 0.0199 Fe 0.0199 Ni -0.0230] P 0. 0415
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Fig.5-1 Flow chart of simulational calculation of mechanical property in precipitate
hardened copper alloys.
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4. INEE

MRS FIC R DS VBt ER EN S B O NSSBMBIRE X VREREZ TR
BEBRICOWTRA LR UToKREEE.

() HrHHEUR & & OB FME % ) M TRE{L, D) HTHE{L, 3) SRRl (Lig(t, 4 EiEm{L D5t
Bl BN KEEERCBWTTNENGEL #802 AN TEH TS B EICD
WTOERNREZHZEHL.

DMBB L VCEFOMITET &0, MIBLBEARNEEOHRICDOVTELDETN,
JEREZRR & i B 0 DEER %

o=(In(1/1-R))/k)"**  k.=1.066X10™[m’] (Fligh BY)
=ln(1/(1-R) /k, k,=1. 355X 10™ "] (EELE)

DB TET ZENTER, ZHICE > T MIE(LIZEE U THEBME & EE ORISR RE &7z
o7z,

(3) BEXHICE D&, L, MR LR, BERCSEICBHEE INDTF40 N )
SEREL. BERICBEMEEZE5 I ML

@) BN T - BESBRIC B T SRR LT - ARk 2V -V av RS RIC K o THES N - AR
REICEDWMBEFEMEZ LB L 28R Cu-Cr-Sny$ & Cu-Ni-SiH@ T, KB OLR
MRS Nz, Cu-FeBF & T, BSLBRICB T 2BERENNI N END ATOMEME, —HL T
BN, FEEEEREEOMICENNRE SNz BREELDO/NSWHEFDYV-v3/ TR, &AL
DEEREDHEEZ THIERTHILENDLEEALSNSD,
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6E. MR FEHMBIRZEZ R L AT LB & & DG

LIZU®IZ

ABEBLSEORVMAIZL > T AR ERETNITASOREDE LD XU EKRME
PRE2ENUERETERINTHETH S ZL2RNZ BBV TRLEZEEASR I
BWT AR U B TRL V8 K OSEISR U ZBE TR VAN TIEZREL
THIERLD, BREATHIEEHFETZZLHURETH SN BESSE LWETFH#EFEH
BEMHALIINTIERSABELRDI-Z OBLITHIET 2 -DITI, 77 ttARB LB & —&
LL7=EH A SROBRREED DBRERENKE B> TEL MK GBI L TRENT
EERDAAIL ESRERICX> THELSNATHERSEBRBOBREKFRICEDE 6% %2
BEL, ERMICHHZFFMHE IS LICE > T AR ERETHIZEN—-RNTHD, &
WMEZRE DT A MHHORKERE MHKEBEAICHER L T a&&stlidRnon
HIRTH D, £ EBRICIERMNAFEZRAVWEIT 1 F L > TEESRERBET 256, 3tk
H&TUEV U EOMAEDOENH D, BEREGSROBEIRE LRWELEELSNS,

FITHLWEERATT 1-FOFERE LT, fTHELICHFS T 2MHHOBREEICEEL.

FHBEHE LU TEEL D 28R 0BER L CIHHAEEREDO FRIZIT I FEIIDVWTR
L, 51T, B EERICE DT 0-F0 5, Ttz FRIT S I LICL> T LD ER
EMOBSRITKVADESFEHIMIIDOWTRF L 2. AE T G&BREHBMNOEZL B L
VZDRZUHIZDONTEEDE,

2. HBH X URRAT Ak

2-1. B T ORI ER B O T RIRHE %

AR T DA AR IR BN, B DR | REEE B & T LA & B4 & 0 RETREBIC & >
TSI 5 T EMTE S, FEHT BEOATEEIIE SRMNEED L UHHEEI L
THREENDL0, BRI BI 5ELRDBETIL UL AH L B0 RERENES
PN 539 &7 0, BHH SRR AR & ORI BB H T B BN S B,



REEOHERTOBREOLEME LT, BERICBT 2R FREABEM, i s M EORT
—HLTWBHZENBESRME LN READLERETEAAALTEZ S HAITIY, RBFH L
TOEFRHAREDEVENREINF -OXES LREBIUHHHOIIHNIEDAET S
EHINE - IIERTHAIHEND D,

LA LZaRs, REIY -E2E< ED20I12 BFEFE MO —BUIIRERHZ N7 <
THM &30, A EMEHEOBICRBRAEEL D 2L EBET 2561 LF
S U TRTENOBRSHICEETHEIWEEZ SN S,

KIS ALEHROREREE TIERT 5 & BHHOERMHEN 5F 2 T, HERIMFRED R VLS
ERICIBE SN, 1) A& (Cubic), 2) IEA & (Tetragonal), 3) #4 & (Orthorhombic), 4) AN75 &
(Hexagonal) MR ICBNWTEESUNESNDTNEB I 5ND, S HITIERBAFE S N
RMESLITHITHHEHES LTRIDOERBRICBEINTND L LENS, TINS5 DFERKRDOFN
S5 HBILHICR D B BILEMZIEET 5.

DIMARIIBITZERS

MARBROWEHZEZXZHE FHERUERRTH DD, BAHEFEEDHABERA.
(001) Cu// (001)5..., [1001Cu//[100], . THET HEEX SND, TDHA,

OHHEHOBEDOEANHLEETHD I L

OHHAH OB FERNBHOBEMZIEN GAT0M 6 [4%9) ZEBBEEEX S5ND. EDOH
HBERTRTERG-D DL D25,

.. ={au(1t0)}-n (6-1)

ZIZT O TERTH O, a JIMIATH 2O FER nidBRTH 5.
DEHFBRBLUOHARICBITZEZS

BIEE 2RO DO, TOHEICE EN 2 AEMIOIDOHFMA IMORENRBETH D, Hri
HOBEREHEIRGOBAA JNEBHEMORTEICEENDS AN INCBN T §tE 21T
FNEEED, FOFEBHERNMTRLZDOMFig 6-1TH 5, FEFEOFMERT LU TOK
D125,
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DILBHI DI LBV EDDRFERMNARD B S EHEEO BB Z & QR4 6 |
U MBETH O, FORMEE R THRICEEZS N N ELEMH OV & D OKFilZ Hix
#i(pole) &%, ZOMET BRERICEENSFHMOIDON TNARES NS,

QLR L BHE LICHEET AEFOOEDEFAE UkBiGE (- & A X2 L&Y Dall) 2
i & LTI AY O BArle % Flin S 87202, (LA OZ OO R B XS U < idcl
FOEFR NBHOBEKEICEETIRETRE BB L IR EI749H 6 [<48) &
THE LR LAY OMHIT & > THRS NBESTNZNEHE B LU HAE O R &7z
DHPMBIRERET HHNTES,

BERMASEREE X256 FHOMEEEHZ2 5 50 UDRD TBLENDD. ZOHG, 3
HICEER Z & B BEDARIEERN IMWREFEEL THWARERD DT LTH S,
RS T4y AEETOENEBERE THIHEICR BRFEEWNS R0 EBE
HERELAEEIC. RAETORERENE< R0, REIY -FICRE TR LEE1ZDHTHS.
El#ZE DR DA A I E U T EIREAET 208 HROFIINEEND BRI TOE
EAICHTEERN IMWAEET 5720, £T. IS 2EF L TEADLENH D, LFLO
B {% % [E &80 (001], [0111IZDWTERDL T ELUTOL IS,

1) 00) mICEE B 001] 25X 55
AN hd, fa b 01=(m[0.5 0.5 0J4n.[0.5 -0.5 0D DX SBRTRINS.
T 3B TH HNEND S, RTHEEL R (6-2) THETE S,
de=dimn{1/2 (n1*4n2% } " (6-2)
/e J9H vy OEBER(6-3) TREN,
a..=da (11 6) 1 (6-3)
FRINSEBEHOEER 130G a 0) &b,
D O ECEEZEE#H 011 Z2EX 585
FHEA JME. [a b bl=(([1 0 0J4m[0 0.5 0.5 DL S XERTEREIN S,
ZZT  nidER LB THEIHBEND S,
TR R (6-4) TEHETE 3,



da=din { ('+1/20H}"  (6-4)
E7z, T9747)" DEREEFR (6-5) TREN,

1. =0 1+ 0) 1 (6-5)
FREINZ B@EmOEERL (2b a a) &ix5,

FE2DODOEFRIZESTO a 0) L (2b a 2 OBEABRTRINDEHRRIIRT 5 RHAERICESTS
BRE O DOHOBERITI LN TES, Ei R LL I ESITEEREICDONT, ki
BEHREREEL TW Z&HTELN, BBH LAV ZFETFEEEN BL2D0D, AEHTIA2
DOHEAN JMIZEE > THT 2T o 72,

DAHRITBITBEZS

AHRZROBEITE AMERIFEFEEERNS IVCEFREEOEASEXT, (1)o//
(000D wx 70 % & Z S, BFO (110) E ORIRE G870 256nm) &{LEH Dalilid L Ul
DEEIMLENHDITEBNTHSESRENFE S NS,

7497400 DEEIE(6-6) TREN D,
an.={a0/2[110] (1+6)} -n (6-6)

2-2. HTHURIED 5 OHT HHTE{LRE D fRAT

FrHE DB B L, B ERICE > TWRWES OB I, FiHick > TEL 2
WEHMCE > THRILINZHENE L, WHPHORESENSE R0, UL birtiE & /44
OREHEBETHHHAIE DI AR SN TELI -7 ZER L THREMZERL. frit
MEBAETHHISARFROBERTIIEGRMIZED, BABINDEEZ 5NN WThOBFIZ
B R EHHAORICEET 2B EL L SR HBERZRED T TNEHEZZIEN
5, FOEEDOFH®LRIZGerold EHaberkon“ iz k > TiREN AR G6-Dick>THRbEN
R

droc|e | (f-n)” (6-7)

Z 2T, & Ay MR, AT HAERE D R, 3T AR R TH 5. ERIITHT AR REXK
DB EEFHEL WD, WEAEENSKD S, Thbb, BHRRICBIT D HEHELZ 0 0
LU, LindefI*"ENS5RD D ENTEDHHICLZBHEPOBELLEZ (LT DL, 6C
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<y pTHBED ARG-NELUTOLDITERETES.
Arvoc)e[”(6C-n)" (6-8)

_ F72, R (6-1) BLRGE-8) 13, HrHAE & & ORI B A O NIRRT O W TRE N
= HDTH D0, FHHEYOFR BLOBHICHT 2 HEHOEEIRE DX D RFE & &
OBEHFOBERICDONTEERT ZLEND D KA RE-DICEENDHEHEOML T
51 HBTRORICEE L TEA LRSI BAICH L TROEEEANBBALET
DEE%E Z DLENRD D, FOHEITE AN 2 EOAMTIHET 50 E NI BENED
LM, R TEEOT RO ZIMERT 2 2 L2 BET3R/NTEHT ARITEWE TES
B EEAT AMBRRNCER T 5720, BUNTREICTEIHMET 2 2 ENFZB EEA SN S,

F7+, BIEE & TR EOBRIIDWTIE AFHSHM R 7799208/ & 73 % B T I FE 72 75 W)
ETROFEORTANBEL/NERBHEN INEDBDTRDZNELENERATLEERS
N5-0, LROZHEEBERL, MHBELEREZRTERGE-DDOX IS,

Aroclg |Y{8Cr.(a/b)}/sin 6 (6-9)

22T i OR/NE, b OB AR, rd3 O ETH D, 0 IIRREE &
TROFEORTATHD, sin O BBKREERETRORMEATEEEASND. £/x, BUT
FHMN 0D o HEE LR R (6-9) Z2REICHL TR LAERG-10IX>THA LN
%,

dAtT/aCx] e | 6" {r.(a/D)}""/sin & (6-10)
—7, BB RD SN BHEHEMIC L BB I IR (6-9 DA v LHABIRICH D, BES
2L OH%E HIEFIEE N 5RO SNBFHICHS LZBEREOCTH - LEOH/ 6 CA R
6-10 D3 A1/ICEHPBRICHDLEEXSNDRD, FrffE (L BS KU HE{LRBIZ D 1Y
T AtBEHEEEREEZLEBETHENTES,
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Fitting point

© Matr'ix

® Precipitate

Fig.6—1 Schematic expression of the method to determine the habit plane. Blanck circle
and solid circle show the atomic position of matrix and precipitate respectively.
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3-1. TyTvy BHEIZ K L BMBERR

LEMDOBEEIT T -IN -A& L TPeasonDIL AN 7" 91 P IcBB E TN BILSTBR,
FEHER BHRE BEUAHRREEMER/FIL T GHRZT o e BEIN/Z{E
E¥id. Table 6-LITRLAEL DI AHRRTIOL EFRERTI6 RABRTION RFREFZTIL
THOMEHE L TEELEZRC B EOMICRBRNEET S EEALSND. BEINL
EEYMN, YHRZRBLVRHRRIIENWI LRAERBEEETOI LT HEHINERTH 2.
Table 6-21Ci3 LEREIEREOHN SHHL Z—Fl %2R T LAWK > TiE HEO MR
HELOBEINSHEENH BN LRXBRZIICRBEARE CORETFOR/EREICEL
TRELEANENT 570, REIN -BICNS <725 REAEE S N5, 725, £ ORMI
DT, ERIZDT S,

3-2. FHEIC & 2 B & B O BT & O

HEICL-> THESNSERMNERORBEOEAHEZRERT S2DIT, Table6-21TRL
ELRITIBNTEBOASOMYMHEDOREEIT> 2. Fig 6-22) 5Fig 6-4ICERE THMSE
(AAETFIEM3010) iIZB W TI00kvTEIR L/ RRERT.

Fig 6-21id, ST HRZMHMAOERDE X 5N 5Cu-Ni-AIROEEET23KITTEhEEL) L 72K
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Tt LB EE > THHE L THE D, BEHN AW TR O {100} B L TH{110} DEHFTAN » Mz
BIZHHEHALS OBAKFRAVNBEINSGZ 056, LLEBEEZRDNLAINEE SN, FRIS
N=E5I1T{100} 2 WM & U THH L TWa Z &R E N/,

Fig 6-3ICi3AHBRITHANERT 5 &% X 5N 5C0u-Ni-TiRAS £ T23KIC TR
BFobDICBNWTETFRANAMNZ [110]Cus U TE S REBRR LT EERERY. T
AR 11D EICH - T AFHANGTIARRITHH L TW B Z A0, GHRICE > TFR
ENEEIIITALD (WREERICR> T3S,

2 BB HAMNERT D EE X 5N BC0u-Ti-Si%, Cu-Ni-Sifk, Cu-Mn-Ni-PRERICBNT
723K 5 TT3KOBEEHIR EHIB T, 20 5 240 L 2 BBHI B W T, B RESIR 21T - 2. Tl
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o T UEDZ ENS, BEEE ETORFARFIO—BIL, I-1HICBNTHRNZ XL S ITRE
HEHRT 2 ETOBBERELRO>TBD (LEMBERGLLTHEDLEASND,
3-3. B EH O HBELEEDEIE B L TUEBRIC K 57

28T BVTRLERG-10 I X D B EMOHTLELEZFET 2ICH > T, HER

ko THS NN HELEE 0H/ 6 CER (6-10) DEN IA-FIDOHFGEITDWTOBK ETo 7=,
R (6-10) DN FA-FIZBWT, DIATivbE e DITHIC K S FEBEBERENL 6 C ) iR I 75
-(@/D), ) BRBHEREDBEHLOTVRTOITRDMEDRT A O ZWMY LTk, iad, it
{3 2B LT TWAEWLODI, Table 6-3IKRL AL CREESITEEL THWDRETORE
HOMMHYENELRIESTIFEFEL WD TH S Fig 6-5ITHHIELEEOH/ 6 CE &N F4-
JOBRERT . ERESHTHEE(LAE 0 H/ 6 CEHTIHAEZ IR TS~ (a/b) 2R b E <, L
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y5-13, Fig 6-6IC R L7z KD ICHHEICHB T A2 RMEOEFEEISH U THENH 0, fritimicy
FHEFEENNENEERRIYIIEREL MRITRDPTWI ERNON S, ZOEGKZHE
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DXIDITI2B,

dAt/dCoc| e | 6C" 1, /sin 6 (6-11)

R (6-11) OBERIL, RBHEHZEEICE->TO. L, e NREL. FMT28EEZRODNE T

B{LAEO 4 T/ CARELERDOENBZ ZEERL TS,
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Table 6-2ICRU-FHEREENSH B X ST, —D O HAICKH U T, HEORBBEIHEE X

NP ENEET S HFEFAMOAEE LAZT T B EZZR2ICKFERTH I L

MTERNWIEEZRLTVS, ZZ TR EHERRED S BBEZRHELT 5HEKITDONT, FHL
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o &Servi ETurnbul I*PiIZ& > TR G-1) D LD ITERIN TNV S,
0 =BN.Z: (C-C) Y/ Nol (6-13)

NZREEMERED 20 OBRTER IEACHFS T 5K (ccTRID, LZREZBEL TOURT

SV OKERTHY, BHOFTFREENBNER EDR <R3 LRIRE TOTIRERE T/

Bz k BINE BMBICHY LB TH 5, NIZTE 1" V ok, Cidr W O HIREE, CI A
’ MOBEERETH 5, BEETOEADF VA TIEAVED, AEKBWTHRFHEREANSE

WIZERIIKELARZ EEBIIATAIMF HELEL< 20, BREE L TRRRELRES, DF

D ALEHIE N5 EX S ERBETORFEE LS #ERENEVE ERBIIITILE

4% &1T/25. Fig 6-6ICHTHM ORI 7II- (/b)) ERFEFED U < I3MABHE TORTH

BRLOBFERLEN R OL/IUE, MBETORFHEERICHLEL TWH I EEEEA

HE BETEEORVWEHIZE, DD, BEFRHERIAKREVEERILLLTVHERENIF,

LR REIINF -ORESICL D THELEINTNEEEZDLIENTES.
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LILIEW 5, Fig 6-6ICBNTRLAELDIT AT MR EFIRN 93-5 & I3HEENR S iz n
ZEDNS (EENRRE LY -FEHBIEIRESRNVEHEESINS,

LEEOERERIET 572012, Table 6-2IZ BN THEKOBBHENFE I NZCu-Ni-Sigd4,
BRUCu-Co-SiFRICBNWT, FREIMF -ICE D ELZ%R{To /2. Fig 6-%3Cu-Ni-Sid&B &
UCu—-Co-Si B RFE I N RWMHEICB I DM UM B LORHOREFEF. 725 KITIAT MR,
WIEEIR TORTRHGREZRY. 2740 MR, 8O (100 B L NA10) F 2 &#E & LT
BLESHE ZNETN001DH5TENT2. 4%, BLTBALIOAMITL. 65& 72 0D, BT DI -HIZIT
(100) EANBEEIZ/2 D D B LEX S NS ALFHFHINY -ICETEEZX S &, (100 HORF
BEOHNEL. LABEFREERBEKIEIRENLZD, (10EDOHNLVEETH S UMW X
N5 Table 6-21TRL 72K S ICEBEDONLST OB (110) T TH 5 /20, FEEH IZLFH R
HINF -ORESICEK > THREENZEEZ 5N S, Cu-Co-SiF% (CoSHITBNTH, 31749 MR
BENEN0ID>AMIT. 2%, BEIOKLL0>HMITS. 6%5& 720, Ni:Si & U < BWH:EHINF -1
R A0 AAEBEHIC/IRD D5 EEBZSNDIN NS EREFHEERBIIFNCTHEHZENMS,
(1) EDABLDEE LB ENS,

HUEORRERET DL RBEHNZRETHRTL b'cbi. L REINY -OFE, DFED,
AR ETORTHEERAR (RTFEHEE) ORBEOAN I NI X DHEHELINY OHR L
DHRENWIENTFREIN, ERLUAEZRFRFFIRICE D BBEOK D IAARIZBIT 5B
B ALFRREINY -2EE/TEHNRYTH D EEI NS,

3-5. iR BB IC R DO A &R F®

FFEREFGEBLVCERNZCE TS HESRFFHEOFEE L LD S ETable 6-40K D
2735,

D ALEYT -IN A& D MHE EH G BHR AARRICETLEMT -5 BTFEREL )
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BEINZBEE, RBEARTEE (@BATCORTRHER LETNEIVHBEINSEE
RIEEIZE > TRDIAAZT D,
3) BEINLAEPDOTLI~TIKMETONLE 6 CZ2EBRILAE, L <EBETHRINER,
SHERERICK > THEL, UTFITRLAER (-1 D ICTHHBEN 74-§0 A41/9C ZHET
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dAt/a3Cec| g | 6C2i"/sin 0 6-11)

ZTT, e 3BTRS CRITHIC KB RHMEPOBEEENER, 0 XABE L TXDEmDR
THTHD, IIXEFEELTH S,
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ZIEME, BRROBVIARZEZD I ENTES,
5 BRIIZASR BLUASLRERG UZRNT RECX5HERZTW, B TERE 21T
o
LA AESHRHAR T EBRROBEL{LZRD DBCERMFEZAVDILENDH S HEITI
ZOBREIASHRAETIIHELINSBEEEELTUES 280, FHERERT 07" 7300
BANRS ZENTENL BEROKVAHITBEL I NS M ZXIBIER{LTE 516
HnDD. SEOBEL LT ALEYT IV - 10FRE( & & BITRERFRICAVWS{LEH DB
J1ZEN I3-FOFREMREEN S,



Table 6—1 Calculated results of the crystal lattice fitting

by using compound data in Peason's handbook.

Cubic Tetragonal |Orthorhombic| Hexasonal

101 16 107 12

Table 6—2 A part of calculated results in the habit plane extracted from Table 1 data.

Alloy |Precip. __|Crystal sys{a axis(nm) | b axis(om) | c axis(hm) | Rot.Pole | Fitting | Habit P.
CuNiTi | Ni3Ti- Hex. bl 5 0.8299] <111> | (110 D)
CuTiSi | CuTiSi | Ortho. 7 7 ao> | (o 100)

TiSi Ortho. 4 aw | o | o
CuCoSi | Co2Si | Ortho. 7| <o [(110,100) [ (110,100)
CuCoP_| "Co2P | ortho. 00> | (1300 | (130
CuNiSi | Ni2Si | ortho, 03”7, <100> | (110,100) | (110,100)
CuNiMnP | NiMnP_ | ortho. | 03557 0.6828 | <100> | (130) | (130)

NiMn3P2 | ortho. | 0.3486 | 06865 | <100> | (130) (130)
CuNiAl Ni3Al Cubic i <100 (100) (100)

%/////////////%Striped area’s data matched to fitting condition.
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Cu Ni Ti §

Fig.6—3 High resolution image of Ni,Ti precipitates(hexagonal system) in Cu-Ni—Ti alloy
after aging treatment.
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Cu Ti Si
(100)
(010)hp
0

(010

CuCoSi(CozSi)

(100)
(130)hp

18.43°
010

CuCoP(Co2P)

Fig.6—4 High resolution images of orthorhombic system precipitates in various alloy after
aging treatment.



Table 6—3 Experimental results in various specimens shown in Table 2 after aging treatment.

Alloy Crystal  |Experimental Aging Hardness Solute  |Precipitate |Morphology
system |habit plane condition | change 6 H | change 8 C |diameter/ um|factor a/b
CuNiTi Hex. 1D 723K-5h 96.6 2.3806 6.2 0.075
CuTiSi Ortho. (100) 773K-5h 54.6 1.5064 7.2 0.013
CuCoSi Ortho. (110) 748K-5h 149 2.4142 5.8 0.273
CuCoP Ortho. (130) 723K-2h 89.3 0.387 5.2 0.875
CuNiSi Ortho. (110) 773k-2h 130 2.4055 6.2 0.288
CuNiMnP Ortho. (130) 723K-2h 85 0.9227 5.6 0.72
CuNiAl Cubic (100) 723K-5h 23.1 0.5821 5.8 0.5
250 250 :
N (@) O4 - 1:CuNiTi . (c) 1:CuNiTi 14
g oo oL e
S 4-CuCoP ® 4:CuCoP /
L 150 5:CuNiSi }— L 150 5:CuNiSi
=y 6:CuNiMnP 2 6:CuNiMnP
= 100 . 7:CuNiAl = 100 7:CuNiAl
£ i 3 £ B e
s 50 7 2 st S 50 ppEp———>"
0 0
0 0.5 1 1.5 2 2.5 3 0 0.2 0.4 0.6 0.8 1
Solute Concentration change, &G (%) Precipitates Morphlogy Factor a/b
250 250 :
N (b) 04 | 1:CuNiTi N (d) 04 1:CuNiTi
g 20 3cucesi || 200 Sdts T
L 150 sonve H o Sis0 soms
=] 6:CuNiMnP o ' 16:CuNiMnP
‘= 100 7:CuNiAl | ‘= 100 —— 1% 7:CuNiAl |
§ a6 03 3 | a6
g 30 0B7 Py s 50 ?g"ml =}
0 0. 01 0.02 0.03 0.04 0.05 0.9 1 1.1 1.2 1.3 1.4 1.5
Boundary Misfit, € 1/Sin@

Fig.6-5 Effect of various parameters; (a)solute concentration change, (b)boundary misfit between
between matrix and precipitate , (c)precipitate morphology factor,(d)angle between glide plain
and habit plain, to the precipitate hardening factor.
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Fig.6—6 Effect of the atomic arrangement;(a)atomic packaged density,
(b) interface bonding ratio in the matrix interface, to the precipitate

morphology.
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250 s ;
5 900 |- dH/dCocd 4 T /dC
2 -
8 et
b0 150 / 1:CuNiTi
c / 2:CuTiSi
= 100 3:CuCoSi
3 4:CuCoP
g 5:CuNiSi
s 90 = 6:CuNiMnP |
7:CuNiAl
0 i i i
0 0. 002 0. 004 0. 006 0. 008

Calculated Hardening Factor d Az /dC

Fig.6—7 Relationship between experimental and calculated hardening factor.

200 ; |
5E>, Hoc AT //
I“150' -
[
< 1:CuNiTi
Broory e -
@ 3:CuCoSi
8 4 :CuCoP
c 90 5:CuNiSi |
s 6:CuNiMnP
T 7:CuNiAl

0 0.002 0.004 0.006  0.008

Calulated Hardening Content A=

Fig.6—8 Relationship between experimental and calculated parameter of hardness change.
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Rotation pole [010]

(1 OO)Cu//(O1 O)NiZSi (1 1 O)Cu//(001 )Ni28i
® O O . NON ==
O Q 0.372nm 0.372nm
® O 0 ® O 0
: : ——

0.706nm - 0.500nm

® cunN.ss O cu

. Misfit(%) | Bonding number |
(1’00)0u//(01 O)NiZSi 2.4 001 )Cu 4/8
(110)cu//(001)nizsi | 2.6(Torcu 4/6

Fig.6—9 Atomic positions of the matrix and Ni,Si (Co,Si) in calculated habit plane.

Table 6-4 Flow chart to design the precipitate hardening copper alloys.
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(1) STH G, EH G AR 572D EREEERR, BIUANHRITBNT, Peason’ s{LBHT -
¥7 I DMERREBICE DL BLROBE LT > R LA TIOL IEHETL6 #5&TL0T,
AABTLLOARERMNEE SN,
() LEBEREOTON DONOEEEREL, MHEHEZRLEESITBWTHA TR
BREBBETHEMSHSERZHELZHER R—BD &SN
(3) WIHIE(LAED A T/9C EATHIAN 53§ & DBFRERBNMER BTV MEB I U HA
MEIRVEORTHAEZIDBDL A MHBEORTHEER RTFRHER)NOREINDH
HR OB ENAEL, LTFTORICE > TREND Z &AM - T2 -

dAtT/dCoc| e ¥ 50T,/ sin O

ZIZT e ERTFIAMME O CBTHIC L2 BT OBREELE 0 REABE LT XDEOR
TATHD. [LIIEFRHEELTH .
(4 Fr A & 72 BAL MRS RT ) EHRS OBEBRENLT &0 BREZERL > 2658%
DV AH EFHELEDOFRNTRETH D, FRITB W TR LUAEFHICHE > THEBX T~
HMOERZEED D ZLITED, HROFHRITHRT, EHITDIRNATT THLWEBE G R
BB TH D EEA SN S,

6B SRR
(6-1) AR B L HES DR & TR (EETR), 236
(6-2)M. Kato, T. Fujii:Acta Metallgica et Materialia, 42(1994), 2929
(6-3)M. Kato, T. Fujii, S. Onaka:Acta Materialia, 44(1996), 1263
(6-4) V. Gerold, H. Haberkom:Phy. Status Solidi, 16(1966), 675
(6-5)7J. 0. Linde:Ann. d. Phy., 15(1932), 219 '
(6-6)P. Villars, L. D. Calvert:Peason’ s Handbook of Crystallographic Data, ASM, Vol. 1~4
(6-7)P. Guyot:Phil. Mag., 24(1971), 987
(6-8)I.S. Servi, D. Turnbull, Acta Met. 14 (1966), 161
(6-9)J. H. van der Merwe, J. Appl. Phys, 34(1963), 117
(6-10) BASRE MR  PIRIBE R - BEHC B 2 REBR ORERE 2T, (1994, 93
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T8 SRS MR ENE AN SR EREEERG SO

LIEC®IZ

4EB I USEICBNTRUABE TR ICBT 2, BTG VB L URETRE VE62
CRLEGEREEEAASDES LD, ERNAERER/NNRICHD AT HHEH &8 O
WETRICBIT S8R HIBIZH LI 1-FOFHEOWRERSEEN S, AB TR, 6&H
RICBIAH LW I-FZDOVWTOFEEE., E5RRBIELTHMRFHETOELS, Bk
VDENENOEFITDNTRT,

2 BLMROEASBLUTOFR
2-1. BEBHFEHRICE T ASMRD L CBHERHREDTIT VI A

AEBIUSEICRLAEAFEEAVTALRS 2T IBA T 5BEBVTRLELIIC &
BLEWT - & OHFHECHICR VB LAMZRE L, MR ERILIEU T KL ZRET
% W T, CuE IR D 572 L TRRER S L < BEHERERPEET UTHERRO
BARICESVWTEIROBESRSBRERET B ZENTEZN D TRLEEITE (%
SHRER L V., IBELRER (1173~12730 TOZTROBEBREL D, SR TOLEWEAR
EHET D, — BRI, BRINESLTEOT TEOEBRO/NSWIERICX> T LEMEBRO
KEIRREINDEEZOSND D, BBRRORB/NS WITROFRMEZBHLEERTO
BARRLDHENERTHREL, TOBRMEBICHL TIEFERMITDO D HLNERN L BEZAEH
RENMEET 5. IKEGEE EREAFCETEELL, SEREICTREMBZOBIIENE
(FZRARBZECED BEBEIEETAIENTES,. D0, BRBROBREKFENZR
LEROBENIKESSTORMLEBE KBS, i BERUENELOMBIEEEKEFRT -5,
Linde® Rz k 0, BBERRERERET JCFOEERETES. TS50 J2HNT 4
ﬁﬁ;zﬁﬁ*&irﬁ/\‘f:frﬁtﬂﬁﬁ.&%‘rﬁs&U‘%ﬁﬁ:ﬁ%ﬁ ICRRBEIR T N A JDBEZRET D T
L1tk o> T RESOEANEINEEERICB T ARDBOBELHEEHET D ENTES,
FETRAET ARV IR AE L TEEDEDDAFig 1-1TH D, ZOTV VA AZSREITBI
ZEEFBRIZBVTESNZCuNIMPESICEIL L &eREt 2R b7,
2-2. FrHHMEREHC B E DO A eakEt

62 Tld. Peason’ SV 7" 9V SN SEE L LM OT -JicE DT, GHEZEDLL, Table

6-2% B THbN5 XD, RS fEEREEIIN D00) V-7 THES 2. tahz



BT B TRICBNT, HETENEDBEFHEICHUREHEEE b DDA OFM:
ETREE 5D B TETERET S 2 210X > T KRS OB (R B FURB & O ZhiR B2 5
TOEBREFEEEBHORBE COBRSEARZHE TE HLE(LRZE5THMESE
BT ENTEDUREEND D,

7 2T, B WA B EREAE 5 N 7= Cu-Ni-Si &€ B L TCu-Co-Si BRITH W THTHIH
2D ATREME LT D U THENT 2 R 72, Cu-Ni-Si & & OB T HHNI,S 1 B K Cu-Co-Si & DK
SN HAHCO,S 11 & BIZoPI2ICE L, A U BB (110) CuRE> T B T N5, N Co SIZR
MUZ=8E4 O E LT N, C0),S1DAERNE X 535, Ni,S1 &C0,Si DBEFRIL Ni,SiiCo,
Si Iz LR T A DR BMNE WK, 48 EH7 AR & D74y MIN S WEICS 5. /- T
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CoENi DFMBL ZHIMT 5 2 iz k- T MR ZEE L, 7 HRCEEICEN &SR

ERETELHEENEZ NS, 2T InRE4E2 L USTRAS ORI EH O LEKE
A MRS S DTT D-FIz & o T Uiz, WA &M ETable T-1ITRT,

LRRBLUEE
-1 ALBEFHEICET < GLMMB X VRIS ORE

CuNiMnP& & ic B 24T AR, 6B B T 2 BRE THEMSEIC L 2R @ i ERIC L
DNIMIPAE T3 5 Z EAVH 5 TV 3 720, EAIRIREKE T £ ZBRENCHEE L, AT R 12V -V
VT ) SN EEERT SV, AL RIBEF AR TN RSB ORMICH T H2PROLAN0. 5
17722 T A EEL SHETIR NIEE MBS L UPEOEFIL. 5nol%(Ni:0. 5mol%, Mn:0. 5mol%, P:
0. 5m01%) % A & B & LTI D o 7. 173K & UR6T3KIZ B 1 ORI 7 iR E i B L 2 SR
BICRER L, 7" 1) SMEHERS R S EREDEE(LT DX DI, 1197470 N 73-§OfEZTable T-20D
I IRE L T RIZISEEE L O mER I X 10/ & U TR L 7. i bLE
R L7182 OB RO RERRICB T IHAOHML EAMREENL, YN A EERE
s LU ER SRR AFig T-UIRT. TR SN HHECEHEII L TTableT-31ITRTN
I5-3% FNT, BRRESEEfTo - ER%, Fig -8R Fig T-30FREARICEDE. 7.2
ks Oh) SHE AT o /- A TORETER LA b DA Fig T-4TH D, T13KL D BHRMTIL, By-
passESREIC & S L HHE, TT3KCA R IR EE T, disorderAl DB AMT (cut ting) HHTIC L 551
HMREMER T % & TSN, HHBIE E LT, T73KEEE T2h (7. 2ks) BB O KR OR3h 0
Wiz kT, BbEVRENE DN EEX SN, . WHEEERIIEIRE O BRLCRE
ST NS T2 TH D, 8T3KE TOMBE T, BRI E < 73513 & MERIT LA HHN
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TFHINS,

FRIFERERICHETE, 573K 5 8T3KDREEIZ TRER LI, RERTR X O Rl 21T o T2 FER,
Fig. 7-5125% 9 & 5 1723k 5 Tk TH L BSR A & 72 0, Fig T-61TR T L D ICRHEICK
STRDONBBERBREIEL TNB Z &AWV 5 7z, BRER S Okl & LT H500N/mn’
DOERBETH O, Fig -HUIRUZBEFRIESZ HXIEL TV,

SH&OEAEM L U TIZ605IACSOE NEER & & WA HELIC X 2 600N/m2D %W 53R 054
kD, RELEEREON DARENLEY-V IV-L MR EOEFHERAMEE L TOIRAN
Hians,

Table7-1-Parameters used for the calculation of precipitation and recrystallization. -
m(/m3) Cw n(/m3) g (J/m2)
5X1028 0.2 5X10-4 0.28

Table7-2 Parameters used for the calculation of yield strength after aging treatment.

Work-hardening Precipitate-hardening Grain-fining |Solute-hardning

A n 3 i (kN/mm2) | T (n/mm2) ky (N/mm3/2) da/dc b

Ni |-0.008 ]0.02

160 0.344 | 0.02 1.5 800 10 Mn [0.0361 ]0.10

P 0.0150 ]0.04

3-2. Cu-Ni-Co-Si A&~ D& AR E- il O it A
SEDMATERL D, 6 T/ COMMIICu-NI-SiAE LV HCu-Co-SiFRDHNKREWRMHE, #i
BIZHAIT 2EE TOBRBRIZCU-NI-Si &2 X D HCu-Co-SiBFRDANNE W=D, BRBHLK
ERODSRL, WHELR O ¢ BB TESMROBF 21T >z, Fig 7-Ti Ni,Si &Co,S1
DR E DBEBEHE (€ y,5=0. 0292, & p5:=0. 0398) M5, (Ni, Co) ,SIOBEEHABREANFEL T
RDIEEREZRLTNS, ZNEOBEBRERTERT ELUTOLIITRS,

€ wicorsi= € nizsi Xmit € consi® (1K) (T-1)
E7, SIOEBRIING, CoRICEEFE L2 E L., HHMMNSITH 2 HEOBEBRZIINET
3. 5mol%, Co,S1 DEERZIN MMETL bmol%& L. TNETNELICEBEIMEET S EEZX D L,
WS &7 B2 EIN WWAB OB KEFECIIMRICEEL T UTORTREIN S,
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€=0. 035-Xxi+0. 015+ (1-Xx) : (7-2)
FimikR 403, X(A-DICTERINSD,
Adooc) e (Ni.Co)2Si|3/z (C-r) 2 (7-3)

LR TH D, RIEEEN RN ET D L
4 00c{0.0292-X40. 0398+ (1-Xs) }**
- {0. 035+ Xw+0. 015+ (1-Xw) }"* (7-4)

2 (1-4) DB KAEILX,,=0. 38 TCui=1. 33m01%, Cer=0. 93m01%& 721, Cui/Cel. 43ERD B T EAT
%%, 22T Niz2nol% Co®l. 4mol% Sil. Tmol¥FM L. Cn/Ca=l. 4& LB S BEUNIL. 8mols,
C00. 6mo1%. Sil. Tnol%, Cu/Cemd. TZERVE L, B2 4 2 3748 L 72, 1173KIC T3, bks (1h) B4k
L P8 723K B £ RTTIKIC T18ks LB 2 T o - B A DB E & LTI Cw/Cu=l. 4& L72 B
S TIREAEINMINBEFEVEEZRL TN LT, (/4. TOFR T BKRESH2T9
LETELI B> TND, BERELD 6CEFEL. 6H/6CZKRD B &, Cu/Cu=1. 4TH8. 0, Cx
/Ceomd. TT54. TTH B. 25 DEIL6EIC TR L& Cu-Co-SiRIC BT HHE6L 6DCu-Ni-SiRIZ
BB E54. 04 & HEd 5 EHEOMERL TH O, Fig 1-8IR LK ST OH/ 6 CREEICT
R U-EHEE & OFIBRASR DD EEZ 505D,

FEHEROESIIBNT. EFERELTHANSNZHASLEERT LD, BMELES L
NG BIEERE I & 0 BUEO. 6mmiz 4t VT 74, 1173KICT300si iR b, HEE ANULE Z1TW, TR
50% 0. 3mn/E X F THEIIN T, T48KIZ TT. 2ksBEZhLEE 247 5 J=, B AF M O FEAE R £ Table
T-312 2%, Ci/Co=4. TOE L TIL BIEERE 389N/ DEICEE > TNDDITH L. Cn/Cw=1. 4
DOELIC BT 2 BER X 1Z92IN/mn TIOON/mn' A L DEZRLTHB D, IBICBWTRLLFig
-l OEBREBEEVRIDOEFEERTHHZ LT, EFHBRAMGESIORL L HEERIOFLL
EOINTIIBEDOBERD BRI ERL TS,

Cu-Ni-Co-Si & &IFMEL” MEITHR L 2)-F 7V-MTBA OIS & & HIC WREERORKE N

BeZ & R WEEEMT ON MEIEL T BRBETHEAINSAFHERARTENOLAD
e R S D,



Table7-3 Typical properties of Cu-Ni—-Co-Si alloys.
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Alloy Tensile strength 0. 2%Proof strength El E. C.
(N/mm2) (N/mm2) (%) (%1ACS)

CNi/CCo:1. 4 921 788 1.2 41.2

CNi/CCo:4. 7 892 735 9.5 40. 1
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Fig.7-1 Algorithm of designing in the alloy composition and process conditions.
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Fig.7-4 Calculated results of (a)yield strength and (b)solute concentration in the matrix
after annealed at various temperature for 2h in Cu—0.5mol%Ni—0.5mol%Mn-0.5mol%P alloy.
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Fig.7-5 Experimental results of (a)mechanical property and (b)resistivity after

Aging Condition K for 2h

annealed at various temperature for 2h in Cu—0.5mol%Ni-0.5mol%Mn—0.5mol%P alloy.
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Fig.7-6 Relationship between calculated solute concentration in matrix and measured
resistivity after annealed for 2h in Cu—0.5mol%Ni—0.5mol%Mn—0.5mol%P alloy.



—
O
=

Q
ro
I

—
I i e
e :

%X 1000

b
N098 N

o .

2096 - - T

£

E e,
@ 99 | GNi/CCo=1.43

0.92 : ' ' '
0 10 20 30 40
— C Ni/C Co

Fig.7-7 Relationship between atomic ratio of nickel to cobalt and precipitate hardening

parameter.

62

50

(93] ($)) (22
(= (o] o
T T T

Experimental SH/ 6 C
g
[

22

% C Ni/C Co=4.7
Su-Ni-Si - -

i

k]

Cu—Co-Si

9.0E-07

1.0E-06

1.5E-06

2.0E-06

Calculated s © / C

2.5E-06

3.0E-06

Fig.7-8 Relationship between calculated and experimental hardening parameter.

221



222

4. INGE

ABICBWTIL HHERSSORBETRICBIIZAEF/FHTBIDHLWIT 1-FIZDOVTO
FIEEEZF 2S5 RESEEREHRERNOE LS, BLROENETNOEF|ZRL.
(1) 6EIZ BN TEE X NACu-Ni-M-PEEOFERERE H LT, T, MR TR VB KUK
FRIEF VEFEIC L BEHALEOBERITS 2 &ICk 0, BERH X 500N/un’, 5138 0 58 X 630N/mn’,
MEBREOYACSEETIEFREAGLEZMAR L. A0 BELHERON 7AZENLT
EFBERAMETHBY-V IV-A RSO IRANERFE NS,

() L BISR A ST BT 2T AR RS RBEIEW < D20 h-7 IKHES 1L i 2%
RTBTEICBNT, HELENED ZFEFMBICACKEMHEZ b D&M OFMST
FiEE 5D BTETERT S EI2L> T FHRS OEE(LEE SRS J ORHRER T
OBEERR S RIS BHORBE TOBATAR2HME TS, fTHERZISTME
XHDBIENTELAEEEND D, LROEXHITHETE, Cu-Ni-Co-SiBITBVTERRAD
OHLREE. TNFN, Conw/Csi=2. 0, 0n/Ce=1. 4& T B Z LI X 0 RADHIHRIELEAFE SN
2 EFRE N, ERENTD, 9208/m’' D B[R VS, 405 IACSOEJBENESND T LM,
HETFEEAVRLAN NIBEORE(N tHER L L TRERI NS,

(-9°4
(7-1)7. 0. Linde:Ann. d. Phy., 15(1932), 219



223

8. HfE

ABFE TR, EFREANLRES&ICBT 5 TERHCOWTHHBESRS K CHEEL
Hg A ML, 25 OKRICETE HEEGTHD L CHETHE VEERL, BT
Bz BT B R BHEL A a- U ERIC k> THET 2 EFIC OV TR L, £,
RNV EN-ETHEANEEESSOBRZTIZDIIE. N5 DYiab-vavEl
AT HirhaeR BN TR EF I BENSB. LT ENS0LREEET
BEISBEE R B0, AR AED 5 ASBRE DT 1-FEBERBEET > /. D
SmE LTI L TOEY Th 3.

% IE TR HEHA S I BT 2 HERE O ¥ B LORMTROYE ) T~
EEESIT BN THEHEHEEEG > D ICBEELE X SN AHHOEERNSEMS LT
SRR OBEKICDNT, Cu-Fe®RE &, Cu-Crk& &, Cu-Ni-SiRkEGRLZH
U, SEES I & BT R TV, SRR, FHELERC LD ERET oL,

Cu-FeR B &I B Tid. BESBE TART B4 LMD 7+ -FeTH 0, BAHEE T ITK
BLARWA, BETEEEZILEOMEERANBRL . BHREAOEANICE > TIIAF-EN
20, BT A OB A RS ) BT E S L R B IR RS & 0 b KT
PN X W AR AR, 72, Inass¥Fef X T, 0 ABRMESD0. 01 2nasskZ @R 5 LT
HEICRe PO I L. 2B (L 2B 2R T & D122 5.

CU-Cr A& 15\ T Ik, BR A TR & 7247 HAE (beeCr) , EIR M T 13 ¥ % B A28
FREN, RO E &b ICH HERE, FHELEE bICkE< B2, HHETREICS
WTES IR AERNSES 0, REREHERRIGICE D0 EE A BN,

Cu-Ni-Si BB &I BT, BRI TON MBS AN ERBTONLHITES
NS & ERA EATENI,Si Th 2 2 EARER S 41, Ni/Si AL TH B L BAE A %
FEL7e FIHEFBEI BN TODRARNMEZ 0, REREHEERECLEDDEERS
Nk, o

32 [ THESE A AT IS & © 0 MU 7 DURIC 3317 B W7 AR (b B & OB BHE ) Tid, 8
W7 DRI B A RRE LB EUR B S E®RE L, AEFERES X OABEE, folil
BB 5 S & UAT L EREHET BN -y 2 HME L, BEEECB VTR MTE
T & o TEAE N TR & o TH AR S 13 B 7T BRERE D 5
I T OB BT B b, AR K E R RS 2, B LI, e TR



KBWTE ABMISEMTETONHEZRETSHREES, FET S HATHEER
REHICHBEEE5A 5N ERTHHHMOFHEEOBEESR, REEE D K UH AR
TR ESTEOHREORZTZIRERS. BT HR/RETREICH T DT HAH & RRLF
EDQHEEAICBNT, Ci-FeR A& MHMMEKRTH 2 EH T NAOBEBIT L 2 HH
HOEBELENEMROL VEDHEZ B L TNEEEZLNSDIIHML, Cu-Ni-SikE
ST OUARRERCLAHEHEBHOMIELSESGEAOBRNNBEERZYHE
TEHEHEERL, MESFREOHEITMA THHME S BHOREEIEE (LA B &IH
RICKERBEEZDELTEEZI LN

AETHEREASSOBET 1t B T 2 HMABO FRIE W TR 2EBIUIETELSN

224

FRIRICED & HFHRES X CHBRED FREMCOWTRE 2170 . BREEETE-

CBWTIE FHME 2 EKE LT, Johnson-MehI-Avrami ORI IMERIZ@EH L TEEBEE
BE(BIVCHER) OTRGFEZE>T IIZHEREL. EHAGRCTTORZ YL ZRER L.
T ABEE BHTRICBL TR BEEBIUCHHBICRT 2 HHAKERREERDB
X OLanger, Schwarz DW I VR EHAEGDOEB I XX T N EBEHBRKRNHEE
THESONMBAMTRUELT VEEEL KRASS T VORYENEREI N LALR
25, BRERSROEAIDWTIE Cu-Ni-SiB&D—HoDF -JicB W TERM LG EMEIC
PRBEENE SN, BRERBMKEL VO ESHOMEEROR D FVITDWTHRE
2L 5% 5 VERALL. MATEEBEAOT MG EIEHET 2101, mEEE, 5
MTHROBEERIF VWIOVWTESICEEZ LT3 0ERH20 AREETEBLONHE
JERE, Hesi TRICB T AMEEBR TR V226D ES I &&0, ®E 1TAC BT 5 —
BLAENHEHEZROTRICOWTR, ZEANZRBLZEL I LATER.

SEE MBI A SO RIS LA BT 2B ERO TR W TR MHEEGSORET
BB 2MESEREZTS 2012, 4ETRUZBBIELE, S8 TRICH T 5 i H AR
TR VEHERKRREEAN -2E L, HRRE FHET )b%%‘@bi’\ BERSLETFHTSEFE
ERHL, TOZYMERBLE L EOBRERNS I &Ik 0 BIESME SRR
DERZMETE B0, HEFRIC LS TRBFHNTETS S EEL 5N 5,

62 5 R ENHIBREZEE L THMEASS OB/ T HERREECEDLE
ST MOV TRHFL, HHEHPNESHERMERDBERBIUVASRRBEHEROME
iﬁ‘?éé&mﬁ%ﬁ:@%&’@ HHOBN-TEEOF MVTHEFASENBESIN. EH4H
tEBICEDEHEELELZEEL, EREICTOZYHZRERL L,



225

TETAGBET S T AR E AT E H L B REHEEMES COBR T, ERL
T GREET VB LN, MBS X OB TR VEERL KERASOBRERIL,
CU-Ni-Mn-P& & Cu-Ki-Co-Si B @ENH L WETHERF RS SR E L THERE
HERTZENRBINT,

PR UERRERE D, ERICKE LESSHR RO TRREY 1% KB Dk <
LT, B B 7 M A T LB & S AN B 36 T & B TR DS I T 2 72, B
DHEER S 5 1K & < BEHD X T RT3 79124, ABUEE, 80T/ ITH 1 5 i i
BT B0 B E R VOB KM 0 B EE DR L& &R VB B LamT
ga - AOHESETS 5 TSR R B R BB BN S-S OB EMERARTH D, 550
WRBETH 5. -



226

A

AREOETICHI0, Kighzo TR 2HiEE, @BURZBD I LARKTEX
2pesepe W AEIZEREGE B OER AECOXVBEBLLETEY. ARXZEELDD
ChiED, WisN, HBESEBELEERTERERER BIEMARAR HE B
E ok, FAEE AFH & 4. AR BE £ &4, BSVCRARERKGRL?
RIS i HE EERLDASBHNWELET,

AFEOBLSE2EZTHEEILAHWEK TESNR S BABFSEIEE THHE &
TIcELBILBL ETET. -

HEEZRTTRICHED, CHE. MHEEEEE L RN EHER $8 &=
FE otz AR €8 EF MECHULEL TESEHWAELEY. £k, FHXOD
ERIZHEDE L THERREYDS2ESE LA V-7 )-5 KB KA ELITREH#
HLET, AREICBIEROERICEL. 2ABIHBHHEEEELE Al XEE
A EIRERHRLET., AR AT CHED. THAEETELE WG B EEPRE
B. K %= EAEMERICEHVEZLET.

BRIC. ABXAEERIEZICHED, RARPEMEZBELTINLEE KT, k
T FECESEHABLET.

2000 4F RN HE



