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COPPER ALLOY WITH IMPROVED RESISTANCE TO CRACKING 

BACKGROUND OF THE INVEt:rtION 

1. Field of the lnyention 

s This invention relates to copper base alloys having particular application as 

connectors or lead frames in electronics. The alloy of this invention comprises a 

precipitation hardenable nickel-silicon-tin copper alloy to which iron is added within 

certain limits. The alloy provides improved resistance to cracking or fracture during 

localized plastic deformation, a fine grain size and improved resistance to grain growth at 

10 elevated temperatures. The alloy also provides an excellent combination of properties 

including bend formability, high strength, stampability and improved resistance to stress 

relaxation at elevated temperatures. 

2. Description of Related Art 

15 One copper alloy used to manufacture electrical connector or leadframe electronic 

components is designated by the Copper Development Association (CPA. New York, 

NY) as copper alloy C70250. Copper alloy C70250 has the nominal composition, by 

weight, of 2.2%-4.2% nickel, 0.25%-1.2% silicon, 0.05%-0.30% magnesium, 0.2% max 

iron, 1.0% max zinc, 0.1 % max manganese, 0.05% max lead and the balance copper and 

20 unavoidable impurities. Further details concerning alloys of this type can be found in 

United States Patent Nos. 4,594,221and4,728,372 to Caron et al. 

United States patents that disclose a copper alloys containing nickel, silicon, tin 

and iron, include United States Patent Nos. 4,971,758 to Suzuki et al., 5,024,814 to 

Futatasuka et al. and 5,508,001 to Suzuki et al. United States Patent No. 5,846,346 

25 discloses a copper alloy containing nickel, silicon, tin and an optional addition of iron. 

While copper aUoys containing nickel, silicon, tin and iron within certain limits are 

known, there remains a need for a copper alloy with an improved resistance to cracking or 

:fracture during localized plastic deformation, a fine grain size and improved resistance to 

grain growth at elevated temperatures while maintaining an excellent combination of 

30 properties including bend formability, high strength, stampability and improved resistance 

to stress relaxation at eJevated temperatures. 
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SUMMARY OF THE INVENTION 

The design of electrical/electronic connectors. particularly for use in the 

automotive industry, has become much more complex and miniaturized. This has 

5 imposed increasingly higher formability demands on the copper alloys from which they 

are made. For example, box type connectors include transitions from the box type socket 

to the wire crimp portion wherein the copper alloy is subjected to localized plastic 

deformation due to a combination of bending and stretching. Typical prior art measures of 

tensile elongation and minimum bend radius have surprisingly been found to inadequately 

10 predict the perfonnance of copper alloys when subjected to such localized plastic 

deformation. As a resuJt, copper alloys which have excellent tensile elongation and bend 

fonnability as measured by the minimum bend radius, have failed in such applications due 

to a propensity for cracking under-such localized plastic deformation. 

In accordance with this invention, applicants have developed a local ductility index 

15 which enables one to predict whether a copper alloy wiU be suitable for applications which 

will require localized plastic deformation of the aIJoy. It has surprisingly been found that 

a precipitation hardenable nickel-silicon-tin copper alloy to which iron is added within 

certain limits provides such improved resistance to cracking or fracture during localized 

plastic deformation. The alloy of this invention also has a fine grain size and improved 

20 resistance to grain groWth at elevated processing temperatures. The alloy also provides an 

excellent combination of properties including excellent bend formability, high strength, 

excellent stampabi1ity and improved resistance to stress relaxation at elevated 

temperatures. The alloy preferably provides an improved solution anneal processing 

window and a more stable response to age annealing at finished strip thickness. 

25 In accordance with this invention a copper alloy is provided having improved 

resistance to cracking due to localized plastic deformation. The alloy consists essentially 

of: from 0. 7 to 3.5 weight percent nickel; from 0.2 to 1 weight percent silicon; from 0.05 

to 1 weight percent tin; from 0.26 to 1 weight percent iron; and the balance copper and 

unavoidable impurities. The copper alloy has a local ductility index of greater than 0. 7 

30 and a tensiJe elongation exceeding S %. 

In a preferred embodiment of this invention, nicke1 is from 1.2 lo 2.8 weight 

percent. silicon is from 0.3 to 0. 7 weight percent, tin is from 0.2 to 0.6 weight percent, 
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iron is from 0.28 to 0. 7 weight percent and the alloy further includes an effective amount 

of manganese forimproving hot workability up to 0.15 weight percent. In a more 

preferred embodiment of this invention, nickel is from 1.5 to 2.5 weight percent, silicon is 

from 0.35 to 0.55 weight percent, tin is from 0.3 to 0.5 weight percent, iron is from 0.3 to 

5 0.5 weight percent and manganese is from 0.02 to 0.1 weight percent. 

In accordance with an alternative embodiment of this invention cobalt may be 

substituted, in whole or in part, on a 1 : 1 basis by weight for iron to improve resistance to 

grain growth at elevated temperatures and improved aging response. 

The copper alloys of this invention generally possess a yield strength of from 413.7 

1 o MPa - 689 .5 Mpa ( 60 to 100 ksi), an electrical conductivity of greater than or equal to 

35% IACS, stress relaxation resistance at 150° centigrade of at least 80% longitudinal 

stress remaining after 3000 hours exposure and excellent bend fonnability. The alloys of 

this invention are particularly useful in electrical or electronic connector applications, 

although they may be used in any application where their unique combination of 

1s properties make them suitable, such as without Hmitation, lead :frames, or other electronic 

uses. 

An electrical connector formed from the copper aJloy of this invention also forms 

part of this invention. 

The process for making the alloy of this invention also fonns a part of the 

20 invention. The critical minimum amount ofiron: used in the alloys of the present invention 

avoids cracking problems during hot working as the temperature of the strip falls during 

succeeding hot rolling passes. This results in a significant improvement in hot workability 

for the alloys of this invention and provides a broad processing window, which increases 

productivity by increasing the manufacturing yield from the hot working operation. 

25 Accordingly it is an aim of the present invention to provide an improved copper 

base alloy and the process for making it, which will provide an alloy having increased 

resistance to cracking during localized plastic defonnation. 

It is a further aim ofthis invention to provide a precipitation hardcnable nickeJ­

silicon-tin copper alloy to which iron is added within certain limits. 

30 It is a stiJI further aim of this invention, in accordance with a preferred embodiment 

thereof, to provide an alJoy which has an exceUent combination of properties including, 
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fine grain size, excellent bend fonnability, high strength, excellent stampability and 

improved resistance to stress relaxation at elevated temp~atures. 

It is a still further aim of this invention. in accordance with a preferred embodiment 

thereof, to provide an alloy with a large solution anneal processing window and a more 

s stable response to age annealing at finish gauge. 

The above stated objects, features and advantages wiJJ become more apparent from 

the specification and dra'\\rings that follow. 

IN THE DRAWINGS 

10 Figure I graphically ilJustrates the effect of iron in the alJoys of this invention, for 

improving resistance to grain growth at elevated solution annealing temperatures. 

Figure 2 graphically compares the effect of the iron content of an alloy of this 

invention on the aging response of the alloy. 

Figure 3 graphically illustrates the effect of substituting cobalt for iron in the alloys 

15 of this invention, for improving resistance to grain growth at elevated solution annealing 

temperatures. 

Figure 4 graphically i1lustrates the effect of substituting cobalt for iron in the alloys 

of this invention on the aging response of the alJoy. 

Figure 5 graphically illustrates the effect of aging temperature on electrical 

20 conductivity for a range of aJJoys. 

DETAILED DESCRIPTION 

As used herein, IACS stands for International Annealed Copper Standard and 

25 assigns "pure" copper an electrical conductivity value of 100% IACS at 20°C. 

The design of electrical/electronic connectors, particularly for use in the 

automotive industry. has become much more complex and has imposed increasingly 

higher formability demands on the copper al1oys from which they are made. For example, 

box type connectors include transitions from the box type socket to the lead attachment 

30 portion wherein the copper aJloy is subjected to localized plastic deformation due to a 

combination of bending and stretching. Localized plastic deformation comprises 

deformation during which plastic flow is non-uniform and necking occurs. Necking 
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comprises localized thinning that occurs during sheet metal forming prior to fracture. 

Typical prior art measures of tensile elongation and minimum bend radius have 

surprisingly been found to inadequately predict the performance of copper alloys when 

subjected to such localized plastic deformation. As a result, copper alloys which have 

5 excellent tensile elongation and bend formability as measured by the minimum bend 

radius, have failed in such applications due to a propensity for cracking under such 

localized plastic deformation. 

In accordance with this invention applicants have developed a local ductility index 

which enables one to predict whether a copper alloy will be suitable for applications which 

10 will require localized plastic defoi'mation of the aJloy. The local ductility index of a 

copper alloy is determined by running a conventional tensile test using a strip type tensile 

specimen having a desired length, width and thickness. For purposes of example, the 

dimensions of a typical tensile test specimen used to determine the local ductility index are 

a gauge length of 50.8 mm (2 inches), a width of 12. 7 mm (0.5 inChes) and a desired 

15 thiclmess which ranges from about 0.13 mm-0.64 mm (0.005 to about 0.025 inches). 

20 

The tensile test specimen is placed in a conventional tensile test machine such as an 

Instron® tensile tester. A conventional tensile test for generating a stress strain diagram is 

run up to the fracture of the specimen. The thickness of the specimen at the fracture is 

then measured. The local ductility index is then computed as follows: 

L..=..Iz LDJ 
T, 

where: T 1 =the original thickness of the tensile specimen, 

25 T 2 =the thickness of the tensile specimen at its fractured end, and 

LDI =the local ductility index of the alloy~ 

Elemental copper has a very high electrical conductivity and relatively low 

strength and poor resistance to stress relaxation. Stress relaxation is an important 

30 consideration when selecting a copper alloy for an application where the product will be 

subjected to external stresses, such as when used as a spring or an electrical connector 

component. 
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Stress relaxation is a phenomenon that occurs when an external elastic stress is 

applied to a piece of metal. The metal reacts by developing an equal and opposite internal 

elastic stress. If the metal is restrained in the stressed position, the internal elastic stress 

decreases as a function of time. The gradual decrease in internal elastic stress is called 

5 stress relaxation and happens because of the replacement of elastic strain in the metal, by 

plastic or permanent strain. The rate of decrease of internal stress with time is a function 

of alloy composition. alloy temper, orientation relative to processing direction (e.g. 

longitudinal orientation= the rolling direction) and exposure temperature. It is desirable 

to reduce the rate of decrease, i.e. to increase the resistance to stress relaxation, as much as 

10 possible for spring and connector applications. 

In the manufacture of an electrical connector, a sheet of copper alloy may be 

formed into a hollow shape for use as a socket. In the automotive field box shaped sockets 

have found particular application. Metal adjacent to an open end of the copper alloy 

socket is externally stressed, such as by bending, to develop an opposing internal stress 

15 effective to cause the end of the copper alloy socket to bias inwardly and tightly engage or 

contact a mating plug. This tight engagement insures that the electrical resistance across 

the socket and plug connector components remains relatively constant and that, in extreme 
··;· 

conditions, the plug resists separation from the socket. 

Over time, and more rapidly at higher temperatures, stress relaxation weakens the 

20 contact force between the socket and the plug and may eventually lead to connector 

failure. It is a primary objective of electrical connector design to maximize the contact 

force between the socket and the plug to maintain good electrical conductivity through the 

connector. 

Bend formability is most often described it terms of minimum bend radius 

25 ("MBR") which is that radius about which a metal can be bent without exhibiting fracture. 

The minimum bend radius as used herein is the raclius of a mandrel around which a strip 

can be bent about 90° without evidence of cracking. MBR is usualJy stated in terms 

multiples of the thickness "t" of the sheet being tested. For example MBR's of"lt" or less 

are highly desired for connector ~pp1ications. When a sheet of copper alloy is reduced in 

30 thickness by passing it through the rolls of a rolling mill the copper alloy sheet has 

different bend properties or MBR's, about an axis transverse to the direction of rolling 
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("good way bends .. or "GW") or about an axis parallel to the direction of rolling ("bad 

way bends" or "BW"). 

It has surprisingly been found that a precipitation hardenable nickel-silicon-tin 

copper alloy to which iron is added within certain limits provides such improved 

5 resistance to cracking or fracture during localized plastic deformation. The alloy of this 

invention also has a fine grain size and improved resistance to grain growth at elevated 

temperatures. The alloy also provides an excellent combination of properties including 

excellent bend formability, high strength, excellent stampability and improved resistance 

to stress relaxation at elevated temperatures. The aIJoy preferably provides an improved 

10 solution anneal processing window and a more stable response to age annealing at finish 

gauge. 

In accordance with this invention a copper alloy is provided having improved 

resistance to cracking due to localized plastic deformation. The alloy consists essentially 

of: from 0.7 to 3.5 weight percent nickel; from 0.2 to 1 weight percent silicon; from 0.05 

15 to 1 weight percent tin; from 0.26 to 1 weight percent iron; and the balance copper and 

unavoidable impurities. The copper alloy has a local ductility index of greater than 0. 7 and 

a tensile elongation exceeding 5 % in a 50.8 mm ( 2") gauge length. 

In a preferred embodiment of this invention, nickel is from 1.2 to 2.8 weight 

percent, silicon is from 0.3 to 0.7 weight percent, tin is from 0.2 to 0.6 weight percent, 

20 iron is from 0.28 to 0. 7 weight percent and the alloy further includes an effective amount . 

of manganese for improving hot workability up to 0.15 weight percent. Jn a more 

preferred embodiment of this invention, nickel is from J .5 to 2.5 weight percent, silicon is 

from 0.35 to 0.55 weight percent, tin is from 0.3 to O.S weight percent, iron is from 0.3 to 

0.5 weight percent and manganese is from 0.02 to 0.1 weight percent. 

25 Preferably the ratio of nickel to silicon in the alloys of this invention is greater than 

about 4.5 to 1 and most preferably greater than about 5 to I. 

1n accordance with an alternative embodiment of this invention cobalt may be 

substituted, in whole or in part, on a 1: 1 basis by weight, for iron, to improve resistance to 

grain growth at elevated temperatures and improve aging response. Ina most preferred 

30 embodiment of the alloys of this invention the total content of nickel, iron and cobalt is 

less than about 2.5% by weight. 
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The copper alloys of this invention genera11y possess a yield strength of from 413. 7 

MPa- 689.5 MPa (60 to 100 ksi), an electrical conductivity of greater than or equal to 

35% IACS, stress relaxation resistance comprising the stress remaining after 3000 hours 

exposure at 150° centigrade of at least 80% longitudina] and excellent bend formability. 

5 The alloys of this invention are particular1y uscfu] in e1ectrical or electronic connector 

app1ications, although they may be used in any application where their unique 

combination of properties make them suitable, such as without limitation, lead frames, or 

other electronic uses. 

An electrical connector formed from the copper alloy of this invention and the 

1 o process for making the alloy form part of this invention. 

The alloys of this invention achieve their unique properties by balancing solid 

solution strengthening, dispersion strengthening, and preCipitation hardening. They show · 

excellent hot and cold workability. 

The alloys of this invention can be prepared by conventional induction melting and 

15 semi-continuous casting, followed by hot and cold rolling with appropriate intermediate 

and finish gauge annealing treatments. Alternatively they can be prepared by strip casting 

and cold rolling with appropriate intermediate and finish gauge annealing treatments. 

The alloys of this invention can be cast by any desired conventional casting 

process such as, without limitation, direct chill sernicontinuous casting or strip casting. If 

20 not strip cast, the aUoys are preferably hot rolled at a starting temperature in the range of 

about 750 °C to 950 °C and most preferably in the range of about 825°C to 925°C. 

Thereafter the alloys are preferably subjected to an optional belJ anneal at a temperature in 

the range of about 400 °C to 700 .°C and most preferably about 550°C to 650°C, for a 

period of about 1 hoursto 16 hours and most preferably about 3 hours to 6 hours. In the 

25 case of strip cast alloys this bell anneal is usually not required. 

The alloys of this invention are then preferably cold rolled from about 50% to 90% 

reduction in thickness. Following cold reduction, in accordance with a first embodiment 

of the process of this invention. the alloys are preferably solution annealed by a strip 

anneal at a metal temperature ofabout·700 °C to 900 °C and most preferably from about 

30 750°C to 850°C for a period of up to 5 minutes and most preferably for a period of30 to 

60 seconds. Alternatively following cold reduction in accordance with a second 

embodiment of the process of this invention, the alloys may be bell annealed at a 
-8-
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temperature in the range of about 400 °C to 700 °C and most preferab1y about 450°C to 

600°C, for a period of about 1 hour to 6 hours. 

The a11oys in ac~ordance with the first process embodiment may or may not then 

be finalJy cold ro1led up to about a 50% reduction in thickness to finished gauge, 

5 depending on the desired temper. For a first preferred temper the final cold rolling is 

preferably in the range of from about 10% to 20% reduction in thickness. For a preferred 

second temper the final co]d rolling is preferably in the range of from about 30% to 50% 

reduction in thickness. The alloys in accordance with the second process embodiment are 

then preferably finally cold rolled from about 30% to about 50% reduction in thickness. 

10 The alloys in accordance with the first process embodiment are then preferably 

aged by bell annealing in the range of about 400°C to 550 °C and most preferably in the 

range from about 400°C to 500°C for a period of about 1 hour to 6 hours and most 

preferably about 2 hours to 4 hours. The alloys in accordance with the second process 

embodiment are then preferably relief annealed at a metal temperature in the range of 

15 about 250°C to 350°C for about 30 seconds to about 5 hours. 

The first process embodiment of this invention should provide a copper alloy of 

this invention with higher strength and somewhat reduced electrical conductivity and bend 

formability as compared to an alloy of this invention processed in accordance with the 

alternative second process embodiment. The second process embodiment of this invention 

20 should provide a copper alloy of this invention with higher electrical conductivity and 

bend fonnability and somewhat reduced strength as compared to an alloy of this invention 

processed in accordance with the alternative first process embodiment. 

EXAMPLES 

The improved properties of the a11oys of this invention will now be illustrated by 

25 the examples which follow. A series of copper alJoys having the nominal compositions set 

forth in Table 1 were prepared, unless otherwise noted, using the most pref erred first 

process embodiment described above. 

30 

TABLE 1 

Alloy #1: l.54%Ni, 0.42%Si, 0.41%Sn, 0.37%Fe 

Alloy #2: 1.53%Ni, 0.42%Si. 0.35%Sn, 0.60%Fe 

Alloy #3: 1.82%Ni, 0.40%Si, 0.35%Sn. 0.45%Fe 
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A11oy #4: 1.63%Ni, 0.46%Si,. 0.37%Sn, 0.39%Fe 

AJloy #5: 2.09%Ni, 0.46%Si, 0.34%Sn, 0.43%Fe 

Alloy #6: 2.04%Ni, 0.58%Si, 0.34%Sn, 0.43%Fe 

Alloy #7: 1.54%Ni, 0.30%Si, 0.39%Sn, 0.22%Co 

AHoy#8: 1.97%Ni, 0.51%Si 

Al1oy #9: 2.5%Ni, 0.60%Si 

Alloy #10: 2.0%Ni, 0.40%Si, 0.34%Sn 

Alloy #11: l .55%Ni, 0.29%Si. 0.29%Sn 

Alloy #12: 2.04%Ni, 0.38%Si. 0.37%Sn 

Alloy #13: 1.81 %Ni, 0.44%Si, 0.63%Fe 

Alloy# 14: l .63%Ni, 0.46%Si, 0.37%Sn, 0.39%Fe 

Alloy #15: 1.63%Ni, 0.46%Si, 0.3 7%Sn, 0.39%Fe 

Alloy #16: 1.50%Ni, 0.31 %Si 

Alloy #17: l.53%Ni, 0.32%Si, 0.36%Sn, 0.32%Fe 

Alloy #18: 1.51 %Ni, 0.31 %Si, 0.38%Sn 

PCT/US00/08137 

The balance for the alloys in the Table 1 comprises copper and unavoidable impurities. 

Alloys 1 - 7, 14, 15 and 17 comprise alloys in accordance with this invention. Alloys 8 -

13, 16 and 18 comprise prior art alloys which are presented for comparison purposes. 

20 Referring now to Tables 2 and. 3 the properties of alloys 1-15 are set forth for one or more 

different cold reductions. 
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TABLE2 ~ 
c = 

PROPERTIES_OF THE ALLOYSDF_TBIS INVENTION °' I 
CH 

3000 Ho11r 
Tensile Properties 90° MBR/t %Stre.~s Remaining 

%Cold Grain Size, YS/UTS/% Elong. YS/UTS/ o/o Elong. 
t.\JIO\' Reduction mm RF lMPa/MPa/% l ___ksilksi/ Of. %1ACS GWJBW -- ___ l~C- 1S0°C_J75°C 

Alloy #1 
1S%CR 0.008rnm 515/567/12 74.7/82.3112 38.1% 0.8t/ 0.3t 90.9 NIA NIA 
50%CR 0.006mm 579/625110 84.0/90.6/10 40.1% 0.8t/0.6t 89.1 Ni A NII\ 

Alloy #2 
15%CR o.oo7mm 49JJS5Sll5 71.2/80.S/15 37.4% 0.8tl 0.6t NIA NIA NIA 
50%CR 0.009mm 567/593110 82.2186.0/10 38.6% 0.8t I 0.3t 90.3 84.4 NIA 

A~ 
50%CR 0.006mm 594164218 86.1193. l/8 41.1% 1. 1t I 0.4t NIA NIA NIA 

Alloy #4 
...... 50%CR 0.012mm 591164618 85.7193.7/8 41.5% I.St I 0.6l NfA NIA NIA - Alloy #5 

50%CR 0.005mm 516163519 83.5/92.1/9 42.4% 1.21 /0.6t NIA NIA NIA 
AIJ.Qy~ 

50%CR 0.006mm 650/696/8 94.2/100.918 43.1% .St I 0.9t NIA NIA NIA 
Alloy #7 

50%CR 0.012mm 629167818 91.2198.418 44.5% l.4t I 0.6t NIA NIA NIA 
Alloy #14 

20%CR 0.007mm 521157018 75.5/82.6/8 41.5% 0.8t/ 0.3t 90.1 80.9 NIA 
Alloy #15 

20%CR 0.007mm 587/635/9 85.1/92.1/9 40.3% 1.6t IO.St 89.6 80.2 71.9 
50%,('R 0.008111111 6Jti6771R q I .S/98.2/8 :W.J% 1.81/0.81 110.0 R2.0 1<1.7 "1:1 

AJlov #17 

~ 40%CR 0.012mm 528/577/9 76.6183.7/9 41.2% l.4t/0.6t NIA NIA NIA 

NIA= Not Available CR= Cold Reduction RF= Annealed condition prior to final cold working step. 
~ 
E 
i .... 
w 
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TABLE3 ~ 
= 

PRQ~ERIIES QF COMl!ARISON ALLOYS 
e ; 

Tensile Properties 3000 Hour 
e 

%Cold Grain Size, YS/UTS/% Elong YSIUTS/% Elong. 90°MBR/t %Stress Remaining 
AllllY R~1h11:tign mm BE MlalMla% kslklll0.to %1A~S QW£J!W 12S0 1so0c 
Allov !la 

0%CR 0.027mm 427/641/13 62193113 38% 0.9t/ Sharp 81.0 NIA 
15%CR 0.028mm 565/655/10 82/95110 43% 1.8t I 0.9t 76.0 64.0 
50%CR 0.020nun 627/68318 9119918 45% 2.0t / l.4t 78.0 NIA 

Alloy #9 
15%CR 0.009mm 627/724/11 91/105/11 46% 2.0t I 0.3t 82.0 74.0 

Al\Qy #10 
0%CR O.OlSmm 393/621122 57/90122 41% 0.9t/ Sharp NIA NIA 
15%CR O.Ollmm 6001690113 87/100/13 400/ri l.4t I 0.6t 88.0 78.0 

.... Alloy #J 1 
N 15%CR O.OIOmm 5241621117 76190/17 40% 0.8t I 0.5t NIA NIA 

50%CR 0.008mm 6141662/11 89/96/11 43% l.2t/0.6t 86.7 77.4 
A!loy#l2 

15%CR 0.007min 538/580/ll 78185/11 42% 0.6t I 0.3t NIA NIA 
50%CR 0.008mm 607165518 8819518 44% 0.9t I 0.8t 86.7 77.4 

Alloy #_13 
l5%CR NIA 
50%C'R 0.008mm - 5311586/9 77185/9 45% l.2tl0.3t Ni/\ NI/\ 

Alloy#l6 
15%CR 0.0l4mm 391.61457.llt 1 56.8166.3111 47.4% N/A NIA NIA 
50%CR 0.022nun 532.21577 .8/7 77.2183.8/7 45.7% N/A NIA NIA 

Alloy #f 8 
401Yt1C'R 0.008mm 52751584.0!9 76.5184.719 49.2% 1.2110.51 Ni/\ NIA 

NIA= Not Available CR= Cold Reduction RF"' Annealed condition prior to final cold working step. ~ 
fl} 

= e = 00 
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The alloys of this invention, as for example, Alloys 2, 14 and 15 in Table 2, 

provide significantly improved stress relaxation resistance when compared to alloys 

without tin or iron additions (alloy 8 and alloy 9 in Table 3) or alloys with tin but with no 

Fe (alloy 10, alloy 11, and alloy 12 in Table 3). The stress relaxation data also show that 

s the benefits offered by the iron addition within the ranges of this invention. increase as test 

temperature increase from 125°C to 150°C. For example, Alloy 2 of this invention with 

an addition of0.60% by weight iron shows an increase in stress relaxation resistance as 

compared to Alloy 11 of the prior art, which goes from about 77% stress remaining for 

Alloy 11 to 84% for Alloy 2, after a 3000Hr exposure to a 150°C test temperature. Alloy 

10 15 shows a remarkable level of stress relaxation resistance at the even higher temperature 

of 175°C. It is surprising that this improvement in stress relaxation performance for the 

alloys of this invention is achieved while maintaining a grain size of about 0.010 mm. 

Such a fine grain size is desirable to provide the optimum combination of strength, bend 

formability and stampability. 

15 As shown in Table 2 the alloys.of this invention have a fine grain size and also 

provide an excellent combination of properties including excellent bend formability, high 

strength, excellent stampability and improved resistance to stress relaxation at elevated 

temperatures. The grain size of the alloys of this invention is preferably maintained at less 

than 0.015mm. and most preferably at less than O.OlOmm. 

20 In order to illustrate the improved resistance to cracking due to localized plastic 

deformation of the alloys of this invention a series of alloys as set forth in Table 4 were 

subjected to tensile testing and their local ductility index detennined .. Additional samples 

of each of the alloys were stamped into box connectors at a commercial connector 

stamping manufacture using a tool speciaUy designed to amplify cracking tendency and 

25 were examined after stamping to dctennine if cracks were present. 
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IABLE4 

Alloy A: 1.54%Ni, 0.42%Si, 0.41%Sn, 0.37%Fe 

Alloy B: 1.54%Ni, 0.42%Si, 0.41 %Sn. 0.37%Fe 

Alloy C: 0.30%Be, 0.45%Co 

Alloy D: 3.3%Ni, 0.3%Si, 0.15%Mg 

Alloy E: 2.5%Ni, 0.5%Si, 0.15%Mg 

Alloy F: 0.6%Fe, 0.2%P, 0.05%Mg 

Alloy G: 0.6%Fe, 0.2%P, 0.05%Mg 

PCT/US00/08137 

The balance for the alloys in the Tab1e 4 comprises copper and unavoidable 

10 impurities. 

Table 5 sets forth the mechanical properties of the alloys in Table 4. Table 6 

shows the cracking perfonnance of the alloys in Table 4 for 90° box type bends and for the 

localized plastic deformation regions of the connector between the box portion and the 

15 wing portions. Comparing alloys A and B of thiS invention to alioys F and Git is apparent 

that the alloys of this invention have significantly improved resistance to cracking during 

localized plastic deformation even though alloys F and G have good bend formability. 

Comparing alloys A and B of this invention to alloys C, D and E it is apparent that the 

alloys of this invention have significantly improved resistance to cracking during localized 

20 plastic deformation even though alloys C, D and E have eoinparab]e elongation. 

However, as shown in Table 5 the local ductility index or LDI is an excellent predictor of 

crack sensitivity during localized plastic deformation. A local ductility index or LDI of 

greater than 0. 7 and most preferably at least O. 7 5 for the alloys of this invention in 

combination with a tensile elongation greater than 5% provides alloys with significantly · 

25 reduced propensity for cracking when subjected to localized plastic deformation. 

-14-
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TABLES 

MECHANICAL PROPEBTIES 

5 
YS/UTS/%EL YS/UTS/%EL 

AlliU: MPalMPa/% ksj/ksi/% 90°GW/BW 

10 A- 531/593/14 77/86/14 0.6t I 0.3t 0.79 

B- 572161419 83/89/9 0.6t I 0.3t 0.75 

C- 62In52/14 90/109/14 1.9t I 0.8t 0.63 
15 

D- 634/676/9 9219819 l.2t/ 0.9t 0.6 

E- 6831738/10 99/107/10 l.8t/ 0.6t 0.49 

20 F- 441/448/3 6416513 0.7t I 0.7t 0.68 

G- 4341455!5 63/66/5 0.7t I 0.7t 0.7 

TADLE6 
25 

APPEARANCE OF STAMfED PART 

Localized Plastic 
Deformation Regions 

30 All!!x 90° Box Bends * Box to Wing WingtoWjng 

A- OK OK OK 

B- OK OK 1 of 48 cracked 
35 

C- severe orange peel- OK OK 
no cracks 

D- small cracks 5 of 26 cracked 3 of 26 cracked 
40 

E- open cracks 27 of 46 cracked 21 of 46 cracked 

F- BW cracks 19 of62 cracked 19 of 62 cracked 

45 G- BWcracks 17 of 64 cracked 21 of64 cracked 

* 90° Bends in the tool = 1.2t GW I 0.2t BW 

-15-
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Referring now to Tables 7 - 9 the surprising criticality of the lower limit of iron is 

clearly illustrated by reference to prior art alloys. A series of alloys having the 

compositions set forth in Tables 7-9 were prepared by chill casting in a steel mold to 

produce rectangular ingots I 02 mm ( 4 .. ) long by 102 mm ( 4") wide by 43.2 mm (I. 7") 

5 thick. The longitudinal edges of the ingots were tapered by cutting 45° chamfers from 

both major faces of the ingot along both edges of the ingot so that only a small centrally 

extending portion of the original edges remains. The samples were then subjected to a 

series of hot rolling investigations. 

The purpose of the tapering is to accentuate the tendency of the ingots to exhibit 

10 cracking during hot rolling. It has been found that using tapered edge ingots as described. 

provides an excelJent correlation with performance during commercial hot rolling. 

Tapered edge ingots which show cracks are a clear indication that such alloys will crack 

during commercial hot rolling. Tapered edge ingots that do not crack may in some cases 

exhibit cracks during commercial hot rolling. It is believed that cracking of a tapered edge 

15 ingot can be used to separate out alloys subject to significant cracking during hot rolling in 

the plant. 

The alJoys which were subjected to hot rolling are of the general composition of 

the alloys in U.S. Patent No. 4,971,758 with varying levels of iron including 0% Fe as a 

control. In the referenced patent it is suggested at column 4, lines 5-9 that " .. .ifthe iron 

20 content exceeds 0.25%, the hot rolling property is no longer improved, but rather 

degraded ... " (emphasis added). Contrary to these teachings as shown in Tables 8 and 9 a 

critical minimum amount of iron, as in accordance with the alloys of the present invention, 

is necessary to avoid cracking problems on hot working as the temperature of the strip 

falls during succeeding hot rolling passes. 

-16-
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IABLEZ 

Hot Roll Performance (Appearance of Taper Edges) 

1st Hot Rolling Investigation 900°C/2Hr Soak -- 15% Pass + 25% Pass + Water Quench 

Strip Thickness 43.18 mm -> 36.83 mm 36.83 mm --> 27 .43 
Strip Thickness (1.70" --> 1.45" 1.45" --> 1.08") 

Ingot Ni SI Sn Fe Mn Zn P 
ID 
J1 1.84 0.54 0.42 0.32 0.007 

JS 1.84 0.5 0.42 0.09 

JS 1.85 0.51 0.41 0.21 

J10 1.85 0.54 0.42 0.32 

J13 1.86 0.56 0.42 0.41 

J16 1.87 0.54 0.41 0.51 

0.31 0.006 

0.31 0.007 

0.31 0.007 

0.31 0.007 

0.32 0.007 

J19 1.83 0.56 0.42 0.45 0.02 0.32 0.007 

Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

Estimated Ingot Temperature, °C 900°C (actual) 
at beginning of hot rolling pass. 

Alloy compositions are set forth in weight percent. 

Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

About825°C 
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TABLES 

2nd Hot Rolling Investigation Hot Roll Performance (Appearance of Taper Edges) 

= e 

I 
900°C/2Hr Soak -- Hot Roll Six Passes Without Reheat + Water Quench 

Ingot ID Ni Si Sn Fe Mn Zn p 43.18 mm 40.64mm 34.29mm 27.94mm 22.86mm 19.05mm 
-->40,64mm --> 34.29 mm --> 27 .94 mm --> 22.86 mm --> 19.05 mm --> 12.70 mm 
1.70" --> 1.60" --> 1.35"--> 1.10" --> 0.90"-> 0.75" --> 
1.60" 1.35" 1.10" 0.90" 0.75" 0.50" 

J2 1.83 0.53 0.43 0.32 0.006 Ok Ok small cracks small cracks Small cracks 6 cracks one side 

J6 1.85 0.51 0.42 0.0 0.31 0.007 Ok Ok one small small cracks Small cracks 2 cracks one side 
9 crack 

Jg 1.85 0.54 0.41 0.1 0.31 0.007 Ok Ok one small small cracks Small cracks 1 crack each side .... 
9 crack 00 

J11 1.85 0.54 0.41 0.2 0.31 0.007 Ok Ok Ok Ok Ok 1 crack one side 
9 

J15 1.87 0.54 0.41 0.4 0.31 0.007 Ok Ok Ok Ok Ok Ok 
3 

J18 1.86 0.53 0.41 0.5 0.31 0.007 Ok Ok Ok Ok Ok 2 cracks one side 
2 1 crack one side 

J20 1.87 0.54 0.4 0.4 0.02 0.31 0.007 Ok Ok Ok Ok Ok Ok 
4 

Estimated Ingot Temperature, 0 c 900°C About About750°C About675°C About575°C About450°C 
at beginning of hot rolling pass (actual) 825°C 

Alloy compositions are in weight percent. "d 

~ 
~ e 
Cl 
QO ... 
~ 



TABLE9 

3rd Hot R,alling Investigation Hot Roll Performance (Appearance of Taper Edges) 

800°C/2Hr Soak -- Hot Roll 15% + 25% + 25% + Water Quench 

Ingot ID Ni SI Sn Fe Mn Zn p 43.18 mm --> 36.83 mm 36.83 mm--> 27.43 mm 27.43 mm--> 20.57 mm 
1 . 70" --> 1.45" 1 .45" -> 1 .OB" 1.08" --> 0.81" 

J3 1.84 0.52 0.42 0.32 0.007 small cracks Cracks both sides 7 large cracks (on both 
sides) 

J4 1.84 0.53 0.42 0.12 0.31 0.006 Ok one crack 1 large crack one side 

J7 1.84 0.5 0.41 0.17 0.31 0.006 Ok Ok Ok .... 
\.0 

J12 1.86 0.53 0.42 0.25 0.31 0.007 Ok Ok No Data 

J14 1.86 0.54 0.42 0.35 0.3 0.007 Ok Ok Ok 

J17 1.86 0.52 0.41 0.42 0.31 0.007 Ok Ok Ok 

J21 1.87 0.5 0.41 0.45 0.02 0.31 0.007 Ok Ok Ok 

Estimated Ingot Temperature; 0 c 800°C (actual) About 725°C About600°C at beginning of hot rolling pass 

Alloy compositions are set forth in weight percent. 

~ 
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Table 7 shows that at relatively high hot working temperatures iron does not play a 

significant role in reducing cracking. Typical exit temperatures in at the end of 

commercial hot rolling are often as low as about 600 -- 650°C. The laboratory hot rol1ing 

process used to produce the results in Table 8 is believed to be the most similar to a 

s commercial style process; The criticality of the lower limit ofiron in accordance with the 

alloys of this invention is clearly shown in Table 8. The alloys of this invention are not 

subject to the kind of cracking that alloys with lower iron contents as suggested in the 

referenced patent exhibit in later hot rolling passes. This results in a significant 

improvement in hot workability for the alloys of this invention and provides a broad 

10 processing window, which increases productivity by increasing the manufacturing yield 

from the hot working operation. 

When compared to CuNiSiSn alloys of the prior art the CuNiSiSnFe alloys in 

accordance with this invention provide two other significant process advantages, namely, a 

larger solution anneal process window and a more stable response to age annealing at 

15 finish gauge. 

Referring to Figure 1 there is shown a graph of solution anneal ("SA") temperature 

versus the resulting grain size of an alloy of this invention (Alloy 1 in Table 1) versus 

prior art alloys (Alloys 11 & 16 in Table 1). Alloys 11 and 16 were held at solution annea1 

temperatures for 30 seconds and Alloy 1 was held at solution anneal temperatures for 60 

20 seconds. It can be seen from the graph that the alloy of this invention exhibits an 

improved resistance to grain growth at elevated solution anneal temperatures and thereby 

provides a larger processing window in manufacture that the prior alloys. This helps to 

reduce the cost of the alloy and improves its performance reliability of the alloy. 

Referring to Figure 2 there is shown a graph of yield strength versus aging 

25 response of two alloys of this invention (Alloys 2 & 17 in Table 1) versus a nickel silicon 

alloy (Alloy 18 in Table 1 ). The alloys were solution annealed at about 775°C for 60 

seconds, cold rolled about 40% reduction in thickness and age annealed at the indicated 

temperatures for about 3 hours. It is apparent that the alloys of this invention containing 

iron in specified amounts show a much flatter and therefore more consistent aging 

30 response over a wide temperature range. The iron addition clearly improves softening 
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resistance during an age hardening anneal. This provides a more stable response to age 

annealing at finish gauge than the prior alloy and wiU help to reduce the cost of 

manufacturing the alloy and improve its reliability of performance. 

The folJowing explanations ate believed to be the mechanisms which provide the 

5 improved process advantages for the alloys of this invention noted by reference to Figures 

1and2, however, they are presented by way of possible explanations and the invention 

should not be deemed to be restricted or limited in any way by these explanations except 

as they may be claimed in the appended claims. 

Scanning Electron Microscopy examination and EDAX analysis suggest that the 

10 improved process advantages offered by the alloys of this invention are traceable to the 

presence of a fine dispersion of nickel-iron-silicon rich second phase in the alloy strip. 

The chemistry of the alloys of this invention unexpectedly provides an intrinsically 

favorable dispersion of nickel-iron-silicon rich second phase with the processing of this 

invention. It is believed that the nickel-iron-silicon rich second phase restricts grain 

15 growth during solution annealing. This restriction of grain growth during solution 

annealing allows the alloys of this invention to develop a finer solution annealed grain size 

than comparable prior art alloys. If the alloys of this invention are processed to re­

solutionize the nickel-iron-silicon rich second phase dispersion, the grain growth observed 

during solutionizing treatments is similar to the prior art alloys without an iron addition. It 

20 is believed that the origin of the improved aging response of the alloys of this invention is 

related to the additional precipitation of nickel-iron-silicon rich phase during age 

annealing as well as impr9ved softening resistance (probable restriction of dislocation 

movement) provided by nickel-iron-silicon rich second phase present in the microstructurc 

prior to age annealing. 

25 Generally such particles have a size of less than 1 micron and at a magnification of 

about 3SOOX the density of such particles is greater than 100 particles per 100 square 

·micron area. Preferably such density is greater than 200 particles per 100 square micron 

area and most preferably such density is greater than 350 particles per 100 square micron 

area. 
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It has been found that cobalt may be sµbstituted for iron on a I: 1 basis. Copper­

nickel-silicon-tin alloys of this invention containing cobalt have improved resistance to 

grain growth during S()lution annealing as shown in Figure 3, enhanced softening 

resistance during age annealing as shown in Figure 4 and improved conductivity as shown 

5 in Figure 5 respectively. 

Referring to Figure 3 there is shown a graph of sQh~tion anneal ("SA,,) temperature 

versus the resulting gn:iin size of an alloy of this invention containing iron (Alloys Jin 

Table 1). and an a11oy of this invention containing cobalt (Alloy 7 in Table I) versus prior 

art alloys (Alloys 11 & · 16 ). Alloys 7, 11 and 16 were held at a solution anneal 

10 temperatures for 30 se~onds and A1Joy 1 was held at solution anneal temperatures for 60 

seconds. It can be seen from the graph that the alloy of this invention containing cobalt 

exhibits a pronounced improvement in its resistance to grain growth at elevated solution 

anneal temperatures and thereby provides an even larger processing window during 

manufacture that the prior a11oys and the alloys of the. invention containing iron. This 

15 further helps to increase the processing limits for the alloy and improve the perfomiance 

reliability of the alloy. 

Referring to Figure 4 there is shown a graph of yield strength in ksi versus aging 

response of two alloys of this invention containing iron (Alloys 2 & 17 in Table 1), an 

alloy of this invention containing cobalt (Alloy 7 in Table l), versus a nickel silicon aUoy 

20 (Alloy 18 in Table 1). The alloys were solution annealed at about 775°C for 60 seconds, 

cold rolled about 40% and age annealed at the indicated temperatures for about 3 hours. It 

is apparent that the alloys of this invention containing iron in specified amounts show a 

much flatter aging response over a wide temperature range. The cobalt addition clearly 

improves softening resistance during age hardening by age annealing and increases yield 

25 strength as compared to the alloys of this invention containing iron alone. The presence of 

cobalt also provides a more stable response to age annealing at finished gauge than the 

prior art alloy. This further helps to increase the processing limits for the alloy and 

improve the performance reliability of the alloy. 

Referring to Figure 5 there is shown a graph of yield strength in ksi versus aging 

30 response of two alloys of this invention containing iron (Alloys 2 & 17 in Table l)~ an 
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alloy of this invention containing cobalt (Alloy 7 in Table l ). versus a nickel silicon alloy 

(Alloy 18 in Table 1 ). It is apparent that higher bell aging temperatures provide improved 

electrical conductivity. While iron or cobalt both tend to decrease conductivity the effect 

of cobalt is less than the effect of iron. The decrease in conductivity is not of a magnitude 

5 which would affect the application of these alloys in the electronics field especiaUy with 

respect to connectors for automotive applications. For most connector applications the 

reduced sensitivity to cracking during localized plastic deformation and the improved 

stampabiJity and stress relaxation properties of the alloys of this invention are of 

paramount importance. 

IO Most preferably in accordance with this invention the sum of nickel, iron and 

cobalt contents is less than about 2.5%. It is also believed that a minimum iron level of 

0.3% will provide a superior combination of bend formability, strength, stress relaxation, 

and starnpabiJity. 

The term "ksi" as used herein is an abbreviation for thousands of pounds per square 

15 inch. The term ''mm" as used herein is an abbreviation for millimeters. Stress relaxation 

properties as set forth herein were tested with the strip oriented in the longitudinal 

direction which is the direction ofrolling of the strip. 

It is apparent that there has been provided in accordance with the invention a 

copper alloy that.fully satisfies the objects, means and advantages set forth hereinabove. 

20 While the invention has been described in combination with embodiments thereof, it is 

apparent that many alternatives, modifications and variations will be apparent to those 

skilled in the art in light of the foregoing description. Accordingly, it is intended to 

embrace all such alternatives, modifications and variations as fall within the spirit and 

broad scope of the appended claims. 
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IN THE CLAIMS: 

1. A copper aJloy having improved resistance to cracking due to localized stress 

application, said alloy consisting essentially of: 

s from 0.7 to 3.5 weight percent nickel; 

from 0.2 to 1 weight percent silicon; 

from 0.05 to 1 weight percent tin; 

from 0.26 to 1 weight percent iron; and 

the balance copper and unavoidable impurities wherein said copper alloy has a 

10 local ductility index of greater than 0.7 and a tensile elongation exceeding 5% in a 50.8 . · 

mm (2 inch) gauge length. 

2. The copper alloy of claim l characterized in that said nickel is :from 1.2 to 2.8 

weight percent, said silicon is from 0.3 to 0.7 weight percent, said tin is from 0.2 to 0.6· 

15 weight percent, said iron is from 0.28 to 0. 7 weight percent and :further including an 

effective amount of manganese for improving hot workability up to 0.15 ~eight percent. 

3. The .copper allO}' of claim 1 characterized in that said alloy has .8 yield strength of 
from 413. 7 MPa - 689.5 MPa ( 60 to .100 ksi), an electrical conductivity of greater than or 

20 equal to 35% IACS, stress relaxation resistance at 150° c~tigrade of at least 80% 

longitudinal stress remaining after 3000 hours exposure and excellent bend formability 

4. The copper alloy of any one of claims 1-3 characterized in that cobalt is 

substituted, in whole or in part, on a 1:1 basis by weight, for iron. 

25 

5. The copper alloy of any one of claims 1-3 characterized in that an electrical 

connector component is formed from said copper alloy. 
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6. The copper alloy of any one of claims· 1-3 characterized in that said copper alloy 

has an average grain size that is no greater than 0.01 millimeter and the locaJ ductility 

index of said alloy is at least 0.75. 

5 7. The copper alloy of any one of claims 1-3 characterized in that said alloy has a 

ratio of nickel to silicon is greater than 5 : 1. 

8. The copper alloy of any one of claims l -3 characterized in that said alloy contains 

a nickel-iron-silicon rich second phase particles and said particles have a size ofless than 

1 O 1 micron and at a magnification of about 3500X the density of such particles is greater 

than 100 particles per 100 square micron area. 

9. 

15 

20 

25 

A process for making a copper alloy comprising: 

providing an alloy consisting essentially of: 

from 0.7 to 3.5 weight percent nickel; 

from 0.2 to 1 weight percent silicon; 

from 0.05 to 1 weight percent tin; 

from 0.26 to 1 weight percent iron; and 

the balance copper and unavoidable impurities; 

casting said alloy into a desired shape; 

solution annealing said alloys at a temperature of from 700°C to 900°C for a period 

of up to 5 minutes; 

final cold working said alloy up to 50% :reduction in thickness; 

age annealing said alloy at a temperature of from 400°C to 550°C for a period of 

from 1 hour to 6 hours; 

whereby said copper alloy is provided with a local ductility index of greater than 

0. 7 and a tensile elongation exceeding 5% in a 50.8 mm (2 inch) gauge length. 
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r'o. The process of claim 9 characterized in that said alloy is provided with a yield 

strength of from 413.7 MPa-689.5 MPa (60to 100 ksi), an electrical conductivity of 

greater than or equal to 35% IACS, stress relaxation resistance at 150° centigrade of at· 

least 80% longitudinal stress remaining after 3000 hours exposure and excellent bend 

5 formability 

11. The process of claim 9 further characterized in that cobalt is substituted, in whole 

or in part, on a 1 : 1 basis by weight, for the iron. 

10 12. The process as in claim 9 characterized in that prior to said solution annealing step 

said alloy is hot worked at a starting temperature in the range of750°C to 950°C and 

thereafter the alloy is first cold worked from 50% to 90% reduction in thickness. 

13. The process as in claim 12 characterized in that pnor to the first cold working step 

15 said alloy is annealed at a temperature of 400°C to 700°C for from 1 hour to 16 hours. 

14. The process as in claim 9 characterized in that in place of said solution anneal said 

alloy is anneaJed at a temperature of from 400°C to 700°C for about 1 hour to 6 hours; and 

wherein said final cold working step comprises from 30% to 50% reduction in thickness, 

20 and wherein in place of said aging anneal said alloy is relief annealed at a metal 

temperature of from 250°C to 350°C for about 30 seconds to about 5 hours. 

15. The process of claim 9 characterized in that the average fmal grain size of the alloy 

is no greater than 0.01 millimeters. 

25 

16. The process of claim 9 characterized in that said alloy has a local ductility index of 

at least 0.75. 
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