I*I Office de la Propriéte Canadian CA 2753515 A1 2010/09/10
Intellectuelle Intellectual Property
du Canada Office (21) 2 753 51 5
v organisme An agency of 12 DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2010/03/02 (51) CLInt./Int.Cl. C22C 9/00 (2006.01

(87) Date publication PCT/PCT Publication Date: 2010/09/10 | (71) Demandeur/Applicant:

(85) Entree phase nationale/National Entry: 2011/08/24

QUESTEK INNOVATIONS LLC, US

(86) N° demande PCT/PCT Application No.: US 2010/025893| (/%) Inventeurs/Inventors:

MISRA, ABHIJEET, US;

(87) N° publication PCT/PCT Publication No.: 2010/101899 SEBASTIAN, JASON, US;
(30) Priorité/Priority: 2009/03/03 (US61/157,023 WRIGHT, JAMES A, US

(74) Agent: SMART & BIGGAR

(54) Titre : ALLIAGES DE CUIVRE SANS PLOMB, DE RESISTANCE ELEVEE, ET DE POUVOIR LUBRIFIANT ELEVE
(54) Title: LEAD-FREE, HIGH-STRENGTH, HIGH-LUBRICITY COPPER ALLOYS

/
e
')‘110’0*1'0 o

L
'-

(57) Abrégée/Abstract:

‘s nwm B ==
0.-..\ + 4 v e
ettt TN

- =" b
AU
BASOOOLNIOODD ‘ot
4+
-~
-
D

' .\.I’v.v.Q‘O.C'D !.!".‘..\V“ 4 '.‘ (‘ ', ‘..0'6 \’(‘ 0. A4

N

.-
‘b
>

* v b 44t *n

v +a sy *

+*

L
>
»
.

.
*
4

-
4 44+ 4+ 44 +

.000’7~‘ :. Q'O‘O

- .
* R RN I I 2
Ly wm At v s vy

“‘I..!'

.
LJ
+*

4
‘0
LR} 0. 0’

4
e
0“ 4

>
+

-
- !. “,.","‘ N 'v

|‘ .O‘O.Q‘v‘ﬁ.ﬁ..'\ 4

- a
LR 2
‘0".. v

T e v atren
LR EIUNL ML 2E R0 M AN

el NN

\".0_‘ \.l~‘ ‘v‘v’vv"‘

St

‘0 0‘;"
0 vl
'

4
* 4

-
- A8 ‘.v.Q"’!

4
*

R
L L
i+

.

»
LI R B |
+*

v 4.t

N

+

-
+nd
4

DEIE DL 26 0 2% 4
LR R TR L R L U )
A - e d e A A - - A

ottt
O

.G’Q‘I.C
“« %4

-

A ) + s
et e 0‘0:0‘0
.

1‘0‘0'0-‘ o'n
‘2

e
R e
Vet i Yy
RN

AT MMM
LRI} ‘O?QYD'! ‘1‘ y

.
AT R N
st d v 44

T e e e e T T e

R RO

- - - = 4 - . .

T e e e

A lead-free copper alloy includes, iIn combination by weight, about 10.0% to about 20.0% bismuth, about 0.05% to about 0.3%
phosphorous, about 2.2% to about 10.0% tin, up to about 5.0% antimony, and up to about 0.02% boron, the balance essentially
copper and incidental elements and impurities. The alloy contains no more than about 0.05 wt.% or 0.10 wt. % lead.

C ana dg http:/opic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

B

ks

OPIC - CIPO 191




w0 20107101899 A1 |[HIL A1 HED Y O REE OV AR AR R

CA 02753515 2011-08-24

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date

10 September 2010 (10.09.2010)

(10) International Publication Number

WO 2010/101899 Al

(51)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

(74)

International Patent Classification:
C22C 9/00 (2006.01)

International Application Number:
PCT/US2010/025893

International Filing Date:
2 March 2010 (02.03.2010)

Filing Language: English
Publication Language: English
Priority Data:

61/157,023 3 March 2009 (03.03.2009) US
Applicant (for all designated States except US):
QUESTEK INNOVATIONS LLC [US/US]; 1820

Ridge Avenue, Evanston, IL 60201 (US).

Inventors; and

Inventors/Applicants (for US only). MISRA, Abhijeet
[IN/US]; 1740 Hinman Avenue, Apt.3C, Evanston, IL
60201 (US). SEBASTIAN, Jason [US/US]; 1927 S.
Sawyer Avenue, Unit 2, Chiago, IL 60647 (US).
WRIGHT, James, A. [US/US]; 1807 W. Winnemac Av-
enue, Unit D, Chicago, IL 60640 (US).

Agents: SCHLENZ, Gregory, G. ¢t al.; Banner & Wit-
coff, Ltd., 10 S. Wacker Drive, Suite 3000, Chicago, IL
60606-7407 (US).

(81)

(84)

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
/W), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted
a patent (Rule 4.17(ii))

as to the applicant’s entitlement to claim the priority of
the earlier application (Rule 4.17(iii))

of inventorship (Rule 4.17(iv))

[Continued on next page]

(54) Title: LEAD-FREE, HIGH-STRENGTH, HIGH-LUBRICITY COPPER ALLOYS

(57) Abstract: A lead-free copper alloy includes, in combination by weight, about 10.0% to about 20.0% bismuth, about 0.05% to
about 0.3% phosphorous, about 2.2% to about 10.0% tin, up to about 5.0% antimony, and up to about 0.02% boron, the balance
essentially copper and incidental elements and impurities. The alloy contains no more than about 0.05 wt.% or 0.10 wt. % lead.



CA 02753515 2011-08-24

WO 2010/101899 A 1 MMM A0N V0 AR 0 A RN

Published:
—  with international search report (Art. 21(3))



CA 02753515 2011-08-24
WO 2010/101899 PCT/US2010/025893

LEAD-FREE, HIGH-STRENGTH, HIGH-LUBRICITY COPPER ALLOYS

CROSS-REFERENCE TO RELATED APPLICATION

[1] This application claims priority to and the benefit of U.S. Provisional Patent

Application No. 61/157,023, filed March 3, 2009, which 1s incorporated by reference herein

and made part hereof.

TECHNICAL FIELD

[2] The mvention relates generally to copper alloys, and more specifically, to copper-

bismuth alloys having high strength, ductility, and lubricity.

BACKGROUND

[3] Copper alloys containing 20-30 wt.% lead, also known as highly-leaded bronze, are
commonly used due to benefits such as high strength, high ductility, high melting temperature,
and high lubricity. Highly-leaded bronze 1s often used in rotating shaft bearings such as plain
journal bearings or sleeve bearings, where the presence of adequate additional lubrication fluid
1s uncertain or periodically interrupted. The lubricity 1n highly-leaded bronze 1s provided by a
lead-based second phase which forms during solidification. The lubricity 1s at least partially
proportionate to the volume fraction of this lead-based second phase, which 1n turn 1s

proportionate to the amount of lead 1n the alloy.

[4] Due to health and environmental regulations, some of which are pending at the moment,
it can be desirable to substantially reduce or eliminate the use of lead in copper alloys. To be
called “lead-free,” lead must constitute less than 0.10 wt.% of the alloy. However, lead-free
substitutes for highly-leaded bronze have not been forthcoming. As a result, manufacturers
frequently request exemptions from regulations for the use of highly-leaded bronze. For
example, a leading manufacturer of compressors used 1n air-conditioning and heat pumps has
recently requested to continue the exemption (9b) for “lead in lead-bronze bearing shells and
bushes” from the Restriction of Hazardous Substances directive. Thus, there has developed a

need for lead-free, high-strength, high-lubricity copper alloys.
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BRIEF SUMMARY

[5] Aspects of the invention relate to a lead-free copper alloy that includes, in combination
by weight, about 10.0% to about 20.0% bismuth, about 0.05% to about 0.3% phosphorous,
about 2.2% to about 10.0% tin, up to about 5.0% antimony, and up to about 0.02% boron, the

balance essentially copper and incidental elements and impurities. The alloy contains no more

than about 0.10 wt.% lead.
6] According to on¢ aspect, the alloy contains less than 0.05 wt.% lead.

| 7] According to another aspect, the alloy contains about 12.0 wt.% bismuth, about 2.4
wt.% to 3.1 wt.% tin, about 1.0 wt.% antimony, about 0.1 wt.% phosphorous, and about 0.01
wt.% boron, or the alloy contains about 12.0 wt.% bismuth, about 5.5 to about 6.2 wt.% tin,
about 0.1 wt.% phosphorous, up to about 0.05 wt.% lead, and up to about 0.01 wt.% boron.

8] According to a further aspect, the alloy has a phase fraction of CusSn of below about
0.15 (1.e. 15 vol.%), a phase fraction of CuSb of below about 0.15 (1.¢. 15 vol.%), and a phase
fraction of CusP of below about 0.01 (1.e. 1 vol.%).

9] According to yet another aspect, the alloy has an ultimate tensile strength (UTS) 1n the
range of about 90-210 MPa (13-31 ks1), a yield strength 1n the range of about 80-120 MPa (12-

17 ks1), and an elongation 1n the range of about 1-20%.

[10] According to a still further aspect, the alloy further contains at least one rare earth
clement 1 a form selected from a group consisting of: elemental lanthanum, elemental cerium,

and mischmetal, and any combination thereof.

[11] Additional aspects of the invention relate to a lead-free copper alloy that includes, in
combination by weight, about 10.0% to about 20.0% bismuth, about 0.05% to about 0.3%
phosphorous, about 2.2% to about 10.0% tin, up to about 5.0% antimony, up to about 0.02%
boron, and at least one rare earth element 1n a form selected from a group consisting of:
clemental lanthanum, elemental cerium, and mischmetal, and any combination thercof, with the
balance essentially copper and incidental elements and impurities. The alloy contains up to

about 0.10 wt.% lead. Additionally, the alloy contains a volume fraction of a bismuth-based
phase of at least 0.04.
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[12]  Further aspects of the invention relate to a method that includes casting billet formed of
an alloy composed of about 10.0% to about 20.0% bismuth, about 0.05% to about 0.3%
phosphorous, about 2.2% to about 10.0% tin, up to about 5.0% antimony, and up to about
0.02% boron, the balance essentially copper and incidental elements and impurities, with no

more than about 0.10 wt.% lead. The billet 1s then cooled to room temperature and solidified.

[13] According to one aspect, the billet 1s cast by centrifugal casting, to near net shape.
According to another aspect, the billet 1s cooled to room temperature at a rate of about 100°C
per minute. According to a further aspect, the billet 1s cast by direct-chill casting and cooled

with water.

[14]  Other features and advantages of the invention will be apparent from the following

description taken 1n conjunction with the attached drawing.

BRIEF DESCRIPTION OF THE DRAWINGS

[15] To allow for a more full understanding of the present invention, 1t will now be described

by way of example, with reference to the accompanying drawing 1n which:

[16] FIG. 1 1s an optical micrograph showing one embodiment of the present invention.

DETAILED DESCRIPTION

[17] In general, the present invention relates to ductile lead-free Cu-B1 alloys which contain
more than 10 wt.% B1. Copper alloys containing 2-9 wt.% B4, disclosed in U.S. Patent No.
5,413,756, which 1s mcorporated by reference herein and made part hercof, have been used as
bearing material, but the lubricity of those alloys 1s generally lower compared to highly-leaded
bronze. The lower lubricity 1s due to a low volume fraction of lubricous bismuth-based second
phase. Prior efforts to increase the bismuth content of copper alloys to above 10 wt.% resulted
in the bismuth-based second phase segregating to the grain-boundary region, which in turn
decreased the ductility of the alloys. In some embodiments, the Cu-B1 alloys disclosed herein
employ alloying additions of tin, antimony, and/or phosphorus, which can assist in avoiding

this problem.

[18] In one embodiment, a Cu-B1 alloy contains about 10.0 wt.% to about 20.0 wt.%
bismuth, about 2.2 wt.% to about 10 wt.% tin, up to about 5.0 wt.% antimony, about 0.05 wt.%
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to about 0.3 wt.% phosphorous, and up to about 0.02 wt.% boron, the balance essentially
copper and incidental elements and impurities. In this embodiment, the alloy 1s “lead-free”,
which signifies that the alloy contains less than 0.10 wt.% lead, or 1n another embodiment, less
than 0.05 wt.% lead. The alloy may contain a small but effective amount of rare-carth elements
to help getter some impurities. Such rare-carth elements may be added by mischmetal (which
may contain a mix of cerium and/or lanthanum, as well as possibly other elements), or
clemental certum or lanthanum, or a combination of such forms. In one embodiment, the alloy

contains an aggregate content of such rare earth elements of about 0.02 wt.%.

[19] In another embodiment, a Cu-B1 alloy contains about 12.0 wt.% bismuth, about 2.4
wt.% to 3.1 wt.% tin, about 1.0 wt.% antimony, about 0.1 wt.% phosphorous, and about 0.01
wt.% boron, the balance essentially copper and incidental elements and impurities. In this
embodiment, the alloy 1s “lead-free,” which signifies that the alloy contains less than 0.10 wt.%
lead. In other embodiments, this nominal composition may incorporate a variation of 5% or
10% of each stated weight percentage. Fig. 1 1s an optical micrograph showing this

embodiment.

[20]  In a further embodiment, a Cu-B1 alloy contains about 12.0 wt.% bismuth, about 5.5 to
about 6.2 wt.% tin, about 0.1 wt.% phosphorous, up to about 0.05 wt.% lead, and up to about
0.01 wt.% boron, the balance essentially copper and incidental elements and impurities. In
other embodiments, this nominal composition may incorporate a variation of 5% or 10% of

cach stated weight percentage.

[21] Alloys according to various embodiments may have advantageous physical properties
and characteristics, including high strength, high ductility, high melting temperature, and high
lubricity. The alloy may have an ultimate tensile strength (UTS) 1n the range of about 90-210
MPa (13-31 ks1), a yield strength 1n the range of about 80-120 MPa (12-17 ks1), and an
clongation 1n the range of about 1-20%. In another embodiment, the alloy may have a UTS 1n
the range of about 140-210 MPa (21-31 ks1), a yield strength in the range of about 80-120 MPa
(12-17 ks1), and an elongation in the range of about 7-20%. Additionally, the alloy may have a
melting temperature of about 1000°C. Further, the lubricity of the alloy may be comparable to

that of lead-containing copper alloys, such as highly-leaded bronze.

[22] In one embodiment, the alloy has a higher volume fraction of a bismuth-based second

phase, as compared to existing Cu-B1 alloys. This can increase the lubricity of the alloy, as the
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bismuth-based second phase has high lubricity. The volume fraction of the bismuth-based
second phase 1n the alloy 1s at least 0.04 (1.¢. 4 vol.%) 1n one embodiment. In one embodiment,
it may be desirable for the bismuth-based second phase to be separated and distributed 1n the
Cu matrix, and for interconnection of the phase particles to be limited, as illustrated in FIG. 1.
Alloying additions of tin, antimony, and/or phosphorus, can assist in avoiding segregation of
the bismuth-based second phase to the grain-boundary regions. As stated above, such
segregation can decrease the ductility of the alloy. Additionally, Cu-B1 alloys disclosed herein
promote liquid immuscibility. When two liquids are immiscible, the liquid with a lower
solidification temperature (1.¢. B1) 1s generally less likely to segregate to the grain boundaries of
the solid formed from the other liquid (1.¢. Cu). Applying this approach to Cu-B1 alloys used 1n
casting, gram-boundary segregation can be prevented and high ductility can be achieved. To
promote the liquid immiscibility, some embodiments of the disclosed alloys contain appropriate

alloying additions of tin, antimony, and phosphorus.

[23] To provide for an appropriate level of ductility, Cu-B1 alloys disclosed herein can also
[imit the formation of detrimental phases, such as Cu;Sn, CuSb, and/or CusP. In some
embodiments, the phase fraction of CusSn 1s limited to below about 0.15 (1.¢. 15 vol.%), the
phase fraction of CuSb limited to below about 0.15 (1.e. 15 vol.%), and the phase fraction of
CuzP Iimited to below about 0.01 (1.¢. 1 vol.%). This can be achieved by limiting the additions
of tin to below about 10.0 wt.%, antimony to below about 5.0 wt.%, and phosphorus to below
about 0.3 wt.%. It 1s noted that at least some of these mtermetallic phases are present in the

sample shown 1n FIG. 1, but these phases are not revealed by the etching technique used.

[24] In one embodiment, the alloy of the present invention can be manufactured by casting
in a steel mold, without vacuum melting. For some applications, the alloys can be centrifugally
cast to near-net shape parts. The casting 18 then cooled to room temperature at a rate of about
100°C per minute. Higher cooling rates are desirable to eliminate as-cast segregation. The
higher cooling rates are accessible through direct-chill casting where the billet 1s cooled, for

example, with water during solidification.

[25] It 1s understood that, in some embodiments, the alloy may consist of, or consist
essentially of, the elemental compositions disclosed herein. It 1s also understood that aspects of
the mvention may also be embodied 1n a product, such as a cast product, that 1s formed wholly

or partially of an alloy according to one or more of the embodiments described above.
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[26] Several examples of specific embodiments that were created and tested are explained in
detail below, including the details of processing the embodiments and the resultant physical
properties and characteristics. The prototypes evaluated 1in the examples below are summarized

in the following table, with the balance of each alloy being copper:

TABLE 1
Example | Bi(wt.%) | Sn(wt.%) | Sb(wt.%) | P(wt.%) | B(wt.%) | Pb(wt.%) Other (wt.%)
1 Mischmetal
12.0 2.5 1.0 0.1 0.01 0.10 max
(0.02)
2 Mischmetal
12.0 3.0 1.0 0.1 0.01 0.10 max
(0.02)
3 12.0 2.5 1.0 0.1 0.005 0.10 max
4 Mischmetal
12.0 2.5 1.0 0.1 0.005 0.10 max
(0.02)
5 14.1 5.5 ~ () 0.1 <(.0003 | 0.01 max
EXAMPLE 1

[27] An alloy with the nominal composition of 12.0 B1, 2.5 Sn, 1.0 Sb, 0.1 P, 0.01B, and
balance Cu, 1n wt%, was cast without vacuum melting. The alloy also contained mischmetal of
about 0.02 wt.% to help getter impurities. The casting weighed about 36 kg and measured 42
cm 1n height. In a pin-on-disk friction testing at temperatures between 25 and 150°C, the alloy
demonstrated lubricity comparable to a copper alloy containing ~30 wt.% Pb. The yield
strength for this embodiment was about 80 to 100 MPa (12-14 ksi1) and ultimate tensile strength
(UTS) was about 90 to 190 MPa (13 to 28 ks1). Furthermore, the alloy showed an elongation of
about 4 to 12%. Fig. 1 1s an optical micrograph showing this embodiment, illustrating the Cu

matrix, as well as the Bi-based second phase.
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EXAMPLE 2

[28]  An alloy with the nominal composition of 12.0 B1, 3.0 Sn, 1.0 Sb, 0.1 P, 0.01 B, and
balance Cu, 1n wt%, was cast without vacuum melting. The alloy also contained mischmetal of
about 0.02 wt.% to help getter impurities. The casting weighed about 36 kg and measured 42
cm 1n height. In a pin-on-disk friction testing at temperatures between 25 and 150°C, the alloy
demonstrated lubricity comparable to a copper alloy containing ~30 wt.% Pb. The yield
strength for this embodiment was about 100 MPa (14-15 ksi1) and UTS was about 110 to 180
MPa (16 to 26 ks1). Furthermore, the alloy showed an elongation of about 3 to 13%.

EXAMPLE 3

[29]  An alloy with the nominal composition of 12.0 B1, 2.5 Sn, 1.0 Sb, 0.1 P, 0.005 B, and
balance Cu, in wt%, was cast without vacuum melting. The alloy did not contain mischmetal.
The casting weighed about 36 kg and measured 42 cm 1n height. The yield strength for this
embodiment was about 100 to 110 MPa (14-16 ks1) and UTS was about 110 to 210 MPa (16 to
31 ks1). Furthermore, the alloy showed an elongation of about 5 to 20%.

EXAMPLE 4

[30] An alloy with the nominal composition of 12.0 B1, 2.5 Sn, 1.0 Sb, 0.1 P, 0.005 B, and
balance Cu, in wt%, was cast without vacuum melting. The alloy also contained mischmetal to
help getter impurities. The casting weighed about 36 kg and measured 42 cm 1n height. The
yield strength for this embodiment was about 100 to 110 MPa (14-15 ksi) and UTS was about
150 to 180 MPa (22 to 27 ksi1). Furthermore, the alloy showed an elongation of about 7 to 10%.

EXAMPLE 5

[31] An alloy with the actual composition of 14.1 B1, 5.5 Sn, 0.1 P, 0.01 Pb, and balance Cu,
in wt%, was cast without vacuum melting. The alloy did not contain mischmetal. The casting
welghed about 36 kg and measured 42 cm 1n height. In a pin-on-disk friction testing at

temperatures between 25 and 150°C, the alloy demonstrated lubricity comparable to a copper
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alloy containing ~30 wt.% Pb. The yield strength for this embodiment was about 120 MPa (17
ks1) and UTS was about 120 to 130 MPa (18 ksi1). Furthermore, the alloy showed an elongation
of about 1 to 3%.

[32] Several alternative embodiments and examples have been described and 1llustrated
herein. A person of ordinary skill 1n the art would appreciate the features of the individual
embodiments, and the possible combinations and variations of the components. A person of
ordinary skill in the art would further appreciate that any of the embodiments could be provided
in any combination with the other embodiments disclosed herein. It 1s understood that the
invention may be embodied 1n other specific forms without departing from the spirit or central
characteristics thereof. The present examples and embodiments, therefore, are to be considered
in all respects as 1llustrative and not restrictive, and the invention 18 not to be limited to the
details given herein. Accordingly, while the specific embodiments have been 1llustrated and
described, numerous modifications come to mind without significantly departing from the spirit
of the invention and the scope of protection 1s only limited by the scope of the accompanying

claims.



CA 02753515 2011-08-24
WO 2010/101899 PCT/US2010/025893

CLAIMS

What 1s claimed 1s:

1. An alloy comprising, in combination by weight:

about 10.0% to about 20.0% bismuth, about 0.05% to about 0.3% phosphorous,
about 2.2% to about 10.0% tin, up to about 5.0% antimony, and up to about 0.02%
boron, the balance essentially copper and incidental elements and impurities, wherein

the alloy contains no more than 0.10 wt.% lead.
2. The alloy of claim 1, wherein the alloy contains less than about 0.05 wt.% lead.

3. The alloy of claim 1, wherein the alloy contains about 12.0 wt.% bismuth, about 2.4
wt.% to 3.1 wt.% tin, about 1.0 wt.% antimony, about 0.1 wt.% phosphorous, and about
0.01 wt.% boron.

4. The alloy of claim 1, wherein the alloy contains about 12.0 wt.% bismuth, about 5.5 to
about 6.2 wt.% tin, about 0.1 wt.% phosphorous, up to about 0.05 wt.% lead, and up to
about 0.01 wt.% boron.

5. The alloy of claim 1, further comprising at least one rare carth element in a form
selected from a group consisting of: elemental lanthanum, elemental cerium, and

mischmetal, and any combination thereof.

0. The alloy of claim 1, wherein the alloy has a phase fraction of CuzSn of below about
0.15, a phase fraction of CuSb of below about 0.15, and a phase fraction of CusP of
below about 0.01.

7. The alloy of claim 1, wherein the alloy has an ultimate tensile strength (UTS) 1n the

range of about 90-210 MPa (13-31 ksi1), a yield strength 1n the range of about 80-120
MPa (12-17 ks1), and an elongation 1n the range of about 1-20%.

8. The alloy of claim 1, wherein the alloy contains a volume fraction of a bismuth-based
phase of at least 0.04.
9. An alloy comprising, in combination by weight:

about 10.0% to about 20.0% bismuth, about 0.05% to about 0.3% phosphorous,
about 2.2% to about 10.0% tin, up to about 5.0% antimony, up to about 0.02% boron,

and at lecast one rare carth element 1n a form selected from a group consisting of:
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clemental lanthanum, elemental cerium, and mischmetal, and any combination thereof,
with the balance essentially copper and incidental elements and impurities, wherein the

alloy contains no more than 0.10 wt.% lead, and

wherein the alloy contains a volume fraction of a bismuth-based phase of at lcast

0.04.

The alloy of claim 9, wherein the alloy contains a phase fraction of CuzSn of below
about 0.15, a phase fraction of CuSb of below about 0.15, and a phase fraction of CusP
of below about 0.01.

The alloy of claim 9, wherein the alloy has an ultimate tensile strength (UTS) 1n the
range of about 90-210 MPa (13-31 ksi1), a yield strength 1n the range of about 80-120

MPa (12-17 ksi1), and an elongation in the range of about 1-20%.
A method comprising:

casting a billet of an alloy comprising, in combination by weight, about 10.0%
to about 20.0% bismuth, about 0.05% to about 0.3% phosphorous, about 2.2% to about
10.0% tin, up to about 5.0% antimony, and up to about 0.02% boron, with the balance
essentially copper and incidental elements and impurities, wherein the alloy contains no

more than 0.10 wt.% lead; and
cooling the billet to room temperature.
The method of claim 12, wherem the alloy contains less than about 0.05 wt.% lead.

The method of claim 12, wherein the alloy contains about 12.0 wt.% bismuth, about 2.4
wt.% to 3.1 wt.% tin, about 1.0 wt.% antimony, about 0.1 wt.% phosphorous, and about
0.01 wt.% boron.

The method of claim 12, wherein the alloy contains about 12.0 wt.% bismuth, about 5.5
to about 6.2 wt.% tin, about 0.1 wt.% phosphorous, up to about 0.05 wt.% lead, and up
to about 0.01 wt.% boron.

The method of claim 12, further comprising at Ieast one rare ecarth element 1n a form
selected from a group consisting of: elemental lanthanum, elemental certum, and

mischmetal, and any combination thereof.

The method of claim 12, wherein the alloy has a phase fraction of CuzSn of below about

0.15, a phase fraction of CuSb of below about 0.15, and a phase fraction of CusP of



18.

19.

20).
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below about 0.01.
The method of claim 12, wherein the billet 1s centrifugally cast to near net shape.

The method of claim 12, wherein the billet 1s cooled to room temperature at a rate of

about 100°C per minute.

The method of claim 12, wherein the billet 1s cast by direct-chill casting and cooled

with water.
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