1y . H GH STRENGTH LEAD- FREE SOLDER MATERI ALS
_Fiel'd of the Invention The present invention relates to tin-based,

* | ead-free sol der alloys that have broad- cau56 of a
| ow |1 qui dus tenperature and hi gh strength. g ag) % S
t

joining materials, particularly for interco |ons In el ectrom cs and

mcroelectronics circuitry applicationg. | nportantly, the conpoungss of the
present invention replace toxic, |ead-containing solders and therehypno

| mprove vvorker safety and all ow for-

eld of the tion

The preseat invention relates to tin-based, lead-free sqlder alloys that have broad-
based applications because of a low ﬁquidusﬁempemmmmdhighmngm. They are useful
as metal joining materials, particularly for interconnections in electronics and
microelectronics circuitry applications. Importantly, the compounds of the preseat invention
replace toxic, lead-containing solders and thereby improve worker safety and allow for
environmentally-friendly manufacturing processes to be performed Furthermore, the
materials of the preseat invention provide improved streagth to meet the increased demands
on the level of performance of the interconnecting ‘material required in future microchip
circuitry. .

Description of the Art
Lead-containing solder alloys have been successfully used in electronics packaging as
interconnecting matetials for decades, connecting components electrically, thermally, and
mechanically. For electronic printed cirouitry, near-eutectic Sn-Pb solders have been chosen
due to their good manufacturability and wetting behavior on typical substrates. However,
due to the increased density of circuitry and power dissipation, stronger solders are currently
required. In gddition, the legislative mandate to eliminate or tax the use of lead because of

eavironmental/health concems is another powerful driving force to develop lead-free alloys.



environnental ly-friendly manufacturing processes to be perforned.
Furt’herfore, the nmaterials of the present invention provide inproved
“strength to neet the increased demands on the |evel of performance of the
i nterconnecting material required in fyuture mcrochip circuitry.
Description of the Art Lead- cont ai ni ng sol der al.l oys have been

successful | y udaedrden teteplabe tead ds sqidor abe new altoys mastepossessphasel apsitiot er i al s

for decades, connecting conponents electrically, thermally, and

mechani cal tempefaturesq(liquiduscand Golidus iémpbratuses)thitraye congatableutd deatlicontainidgb sol ders
have been chosen due to their good manufacturability and wetting behavi or

on typi cal sslgdast InpdddRion 24d-0€ soldsts! MuktChavd Suitable phyptcatictdevtiftics,Olaclading Ui try
and power dissipation, stronger solders are currently required. In

gddi tion, f bOLBpthS8 efRbtribdl \Wad BRAHA RadRiekitsdiPderall clpddsida ReficRagf | ead
ecause o :
Furthermore, the lead-free solders must be metallurgically compatible with the substrates of
components and boards, and must have acceptable mechanical properties and envnroumenwl

shelf stability.

Some Md—fm solder alloy compositions are known (see textbook: Jennie S. Hwang,
Modem Solder Technology for Competitive Electronics Manufacturing, Mc-Graw Hill, New
Yok, 1996, pp. 483-508), however, these compositions are deficient due to inferior
strengths, incompatible physical properties, or inadequate natural resources of major
constitutional elements. One. particular knownlead-free solder composition is comprised of
Sn-Za-In alloys that may also contain Cu (U.S. Pateat No. 5,538,686), however, the

combined solid solution and dispers_ion strengthening in this compound is inadequate.
Summary of the Invention

' Accordingly, it is a primary object of this inveation to provide a new and improved

solder composition.

It is an advantage of this inveation to provide a new and improved solder composition

that is free of lead, providing the associated safety and avoiding significant environmental

problems.



envi ronment al / heal th concerns is another powerful driving force to devel op
lead-free all oys : - S

2
"In order to repl agg'ﬁg -HEA &Eéyrs, the new al |l oy nust possess phase
transition tenperatur LA EQui dugl and., solidus. tenperatures) ‘that are
conparable to | ead-containing solders™ In addition, |ead-free sol ders nust

have suitable ﬁ@)&g‘%@% %@ﬁcﬁ%&k@ﬂv&%ﬂ%ﬂﬂt&é%ﬂ&?&mﬁ@%r I cal

and thermal co expansi on coefficients.

Furt her no '|&h&$ribﬁ&g" . gﬁéﬁ E{i%a,;ok&mcorrpati ble with
t he subst ?’g?es of coﬁ%‘gﬁger(\lt?ga %(gagr%%sd an I}(ﬁlués(,’tmEu ave accept abl e

mechani cal properties and environmental shelf stability.

Additional objects and advantages of the inveation will be set forth in part in the
description which follows and in part will be obvious from the description, or may be
learned by practice of the invention. The objects and advantages of tl_ie inveation may be
realized and attained by means of the instrumentalities and combinations particularly pointed

- out in the appended claims.

T achieve the foregoing objects and in accordance with the purpose of the invention,
as embodied and broadly described herein, the solder composition of this inveation is
comprised of a lead-free alloy including tin, copper and gallium. In addition, the alloy may
further include indium, zinc, selenium and/or tellurium. Preferably, tin will comprise at
least about 75 weight percent of the alloy composition. Preferably, the copper will comprise
between 0.1 and 9.5 weight percent and gallium between 0.01 and 5.0 weight perceat of the
alloy. More prefecably, the tin will comprise at least 85 weight perceat of the alloy. More
preferably, copper will comprise between 0.3 and 4.5 weight percent and gallium betweea

0.05 and 1.0 weight percent of the alloy composition.

In an additional preferred form of the inveation, the solder will be comprised of
between 0 and 6 peroeat by weight indium; between 0 and 9 weight percent zinc; and either
selenium or tellurium in an amount between 0 and 1.0 weight percent. In a particularly

preferred embodiment, indium is present in the alloy composition between 0.1 and 10.0

-
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Sorre- | ead-free sol der

> | e StBEEY‘B are known (see textbook: Jennie S
Hwang, Modern Sol der

_ etitive El ectronics Manufacturing,
"Mc-Graw Hill, New Yor 8), however, these conpositions
are deficient due to i or strengtls, inconpati bI e physical pr opert I es,
or | nadequat e natural resources of mgjor _constitutional el errent S.

parti cul arW%WEa&“Mé@@WHMﬁGMW% by the invention et least ‘“Sﬂ“‘ZH‘dI n

all oys that may al so contain (U.S. Patent No. 5,538,686), however, the
combi ned dng (etwsenl pcmddﬂ&w@;smm@m%tmém{@ymmm@conpound is
I nadequat e. Summary of the Inverition

Accordingly, it is a primry obj ect of this invention to provide a new and
i mproved sol der conposition.
In an alternative embodiment of the inveation, the lead-free solder alloy composition

is comprised of tin, copper or silver,. and indium ahd may optionally contain either seleaium
or tellurium. In addition, the composition may optionally contain zinc, éallium or bismuth.
Preferably, the composition will contain at least 75 weight percent Sn, betweea .1 and 9.5
weight percent Cu and/or .1 and .8 weight percent Ag, and between .1 and 10.0 welght

perceat In.

In a further altemative embodimeant of the invention, the lead-free alloy composition
is comprised of tin, silver, bismuth, either selenium or tellurium, and may optionally contain
gallium. Preferably, the composition will include at least 75 weight percent Sn, between 0.5
z_uld 6.5 weight percent Ag, between 0.5 and 8.0 weight percent Bi, and between 0.1 and 5.0

weight percent of Se and/or T,

Detailed Description of the Invention

Lead-free solder alloys containing Sn (at least 75.0 and preferably 85.0 wt. %), Cu
(between 0.3 and 4.5 wt. %) and Ga (between 0.05 and 1.0 wt. %) have tensile properties
(according to ASTM E8-96) exceeding 40 MPa, preferably 45 MPa and more preferably 50
MPa. For a variety of purposes such as further increasing the strength or decreasing the
liquidus temperature, the alloys may also contain one or more of the following elemeats: In

(not more than 6.0 wt. %), Zn (not more than 9.0 wt. %), either Se or Te (not more than

i



It-is an advantage of this invention to provide a new and i nproved sol der
conposition that is free of |lead, providing the associated safety and
*avoi ding significant environnental problens. . An addi ti onal
advant age of the present invention is that the sol der conposition has

- physical attributes equival ent or supePior to traditional |ead containing

sol ders. {owt % A%&%g@fﬁ%&ﬁ@ﬂ.@d&é%@&%ﬁd&&%dmmmﬂdw|| be

set forth in part int i ption which follows and in part wll be
obvi ous freg E&E‘%&’ &t.' reoltr, RRILEBSsdIder afiGs, StnBiAvehion have teddfie
I nventi on. % @6 a{nd a vant ages of the irvention may be reali sed and

at tai ned WMW&E fhose of traditional 60 Sn/40Pb (weight percent) alloys. .For a variety

of purposes, such as further increasing the streagths, the alloys may also oonmin S, Te, or
Za.

Lead-free solder alloys containing Sn (at least 85.0 wt. %), Cu (between 0.3 and 4.5
wt. %), Ga (between 0.05 and 1.0 wt. %), In (betweea 1.0 and 6.0 wt. %), and Za
(between 8.0 and 9.0 wt. %) have tensile properties significantly acoeedmg those of
traditional 60Sn-40Pb (wt. %) alloys. For purposes such as further increasing the streagth,

the alloys may also contain up to 1.0 wt. % of either Se or Te.

Lead-fre¢ solder alloys containing Sn (at least 90.0 wt. %), Cu (between 2.0 and 5.0
. wt. %), and In (between 1.0 and 6.0 wt. %) have tensile properties exceeding those of
traditional 60Sn-40Pb (wt. %) alloys. For purposes such as further increasing the strength,

the alloys may also contain up to 1.0 wt. % of either Se or Te.

Lead-free solder alloys containing Sn (at least 85.0 wt. %), Ag (between 0.1 and 0.8
wt. %), and In (between 1.0 and 6.0 wt. %) have teasile properties significantly exceeding
those of traditional 60Sn40Pb (wt. %) alloys. For a variety of purposes such as further
increasing- the strength or decreasing the liquids temperature, the alloys may also contain one
or more of the following elements: Zn (not more than 9.0 wt. %), Ga (not more than 1.0 wt.
%), either Se or Te (not more than 1.0 wt. %).



instrumentalities and conbi nations particularly pointed out in the appended
clains. To achi eve the foregoing objects and in accordance with the
" purpose of the invention, as enbodi ed and broadly described herein, the
sol der conposition of this invention ig conprised of a |ead-free alloy

|

wel ght per cont TFRiitre solF o prppersd Sh st ars B RETHL AL @Byen TS %55
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coppor bet Erula Dioperias sitiicanily crebt: ot 1 adibms A adirtorBalahy 1. o
wei ght percent. | I n enmpodinents of .the invention, the all oy may
further i ndonadagetnel pupgsessughns futher incrasing the sirengtheardecmgasing the iatidisger nay

conprise between 0 and 9 percent zinc and either seleniumor telluriumin
an anmount [eseaesireothe alioys uBy wlp gpetaigapde it wt. % Ga.

Lead-fice solder alloys containing Sn (at least 85.0 wt. %), Ag (betwesn 1.5 and 4.5
wt. %), In (betweea 1.0 and 6.0 wt. %), Bi (between 1.0 and 8.0 wt. %), an cither Se or &
(betweea 0.05 and 1.0 wt. %) have tensile pmpc-;rt'm significantly exceeding those of
traditional 60Sn-40Pb (wt. %) alloys. For a variety of purposes such as further mcmsmg
the strength or decreasing the liquidus temperature, the alloys may also contain up to 1.0%
Ga.

w-m solder alloys containing Sn (at least 85.0 wt. %), Ag (between 1.5 and 4.5
wt. %), In (between 1.0 and 6.0 wt. %), Bi (between 1.0 and 8.0 wt. %), and Ga (between
0.05 and 1.0 wt. %) have tensile properties significantly exceeding those of traditional 60Sn-
40Pb (wt. %) alloys.

Examples
The following examples are provided to help demonstrate the inveation but are not

intended to limit the scope thereof.

Example 1



Det ai |l ed Description of the Invention Lead-free sol der alloys
containing Sn (at least 75.0 and preferably 85.0 wt. %, Cu (between 0.3
“and 4.5 wt. % and Ga (between 0.05 and 1.0 wt. % have tensile properties
(according to ASTM E8-96) exceeding 40 MPa, preferably 45 MPa and nore
preferably 50 MPa. For a variety of pur@oses such as further increasing the

cont arn one or GeetE A QRE0bPC 48 HEPRRE Bhddhlipd bf g B Tocfibdlnl |

Zn (not m&ﬁwﬁﬁ@]ﬂlg aRog%g dﬁxentsefnta F&ﬁlagcr dqwgﬁ] tth%l%&équr&le anticipated
melting temperature. The container was sealed with a tid that provided access to a
thecmocouple and a tube supplying argon to pmtect_the melt from oxidation. "ﬂw melt was
petiodically stirred to improve homogeneity and finally poured iato an aluminum mold to
provide tensile specimens. Room temperature teasile tests were conducted at a test speed of
1 mm min?. A 0.2% offsct yield strength of 30 MPa and an ultimate teasile streagth of 37
MPa were measured. A 95.3S0-4.0Cu-0.5Ga-0.2Se (wt. %) alloy was prepared and tested in
substantially the same maoner as described above. A 0.2 % offset yield strength of 42 MPa
(exceeding the yield strength of the 60Sn-40Pb (wt. %) alloy by 40%) and an ultimate tensile
strength of 49 MPa (exceeding the tensile strength of the 60Sn-40Pb (wt. %) alloy by 32%)
were determined. |

Example 2

A 91.150-3.9Cu-1.0Ga-4.0In (wt. %) alloy was prepared and tested in substantially
the same manner as described in Example 1. A 0.2% offset yield strength and an ultimate
wusi{esuengthofbom&MPa(amedhgmeyicldsueugmmdmeulﬁnmewmﬂemm
of the 60Sn-40Pb (wt. %) alloy by 60% and 30%, respectively) were determined.

Example 3

An 86.28n-0.7Cu-0.5Ga-4.0In-8.6Zn (wt. %) alloy was prepared and tested in
substantially the same manner as described in Bxample 1. A 0.2% offset yield strength of 63
MPa (exceeding the yield strength of the 60Sn-40Pb (wt. %) alloy by 110% and the yield
strength of 86.0Sn-5.0In-9.0Zn alloy (55 MPa) by 15%) and an ultimate tensile strength of



51.Ow. %. Mre particularly, each of the inventive solder alloys
described herein provides these tensile properties. Mreover, |ead-free
sol der alloys, of this invention, have tensile properties exeeding those
of traditional 60 Sn/40Pb (wei ght percet) alloys. For a variety of

pur poses, such as further increasing the strengths, the alloys may al so
cont ai n Sr ;73 MPa @xceeding the tensile strengthaofi thef 60Sa-40Bb (wt. %) dlioy by 93%t anditherig Sn ( at
|l east 85.0 wt %9, Cu (between 0.3 and 4.5 w. %, Ga (between 0.05 and 1.0
W, 9%, | n térsite sumagth bf 86.88a-5SAIN90Zn allpy (G2 MPDH by (8%)) weerderfiinadd 9.0 WM. %
have tensile properties significantly exceeding those of traditional
60Sn-40Pb (w. 9% alloys. For purposes such as further increasing the
strength, the alloys may also contain up to 1.0 wt % of either Se or Te.

Bxample 4

92.850-3.0Cu-4.0[n-0.2S¢ (wt. %) and 91.8Sa-4.0Cu-4.0In-0.25e (wt. %) alloys
were prepared and tested in substantially the same manner as described in Example 1. A
0.2% offset yield strength of 40 and 46 MPa, wépecﬁvely (exceeding the yield strength of
the 60Sn-40Pb (wt. %) alloy by 33 and 53 %), andanulﬁmatetensilest:engthof47land48
MPa, m@ec&vely (exceeding the teasile streagth of the 60Sn-40Pb (wt. éﬁ) alloy by 27 and
30%), were determined.

Example 5

An 86.95n-0.5A¢g-4.0In-8.6Zn (wt. %) alloy was prepared and tested in substantially
the same manner as described in Example 1. A 0.2% offset yield strength of 56 MPa
(exceeding the yield streagth of the 60Sn-40Pb (wt. %) alloy by 87%) and an ultimate tensile
strength of 64 MPa (exceeding the teasile strength of the 60Sn-40Pb (wt. %) alloy by 73 %)

were determined.

Bxample 6

An 89.95n-3.1A¢-6.5Bi-0.5S¢ (wt. %) alloy was prepared and tested in substantially

the same manner as described in Example 1. A 0.2% offset yield strength of 60 MPa



Lead-free solder alloys containing Sn (at least 90.0 wt. %, Cu (between
2.0 and'5.0 w. %, and In (between 1.0 and 6.0 wt. % have tensile
‘properties exceedi ng those of traditional 60Sn-40Pb (WM. 9% alloys. For
pur poses such as further increasing theé strength, the alloys may al so
contain up to 1.0 wt. % of either Se or Te. Lead-free sol der

al | oys con(eatending ti8ryidld stréagthif tRE6050OPL Yivt. BYjalidydly#00%) @nd amnliin@es Wt .
%, and In (between 1.0 and 6.0 wt. % have tensile properties

si gni f i cantenstlecstresptic o182 MPh ioeedug the tedsilel sreagth 60EE G0Sg-40RBR{wt( ¥) aliég by
al l oys. For a variety of purposes such as further I ncreasing the strength

or decr easi2i) were ldet@amitdal.t enperature, the alloys may al so contain one or
nore of the following elenments: Zn (not nore than 9.0 wt. %, Ga (not nore
than 1.0 w. %, either Se or Te (not nore than 1.0 wt 9.

Bxample 7

87.850-3.2Ag-4.0In-4.5Bi-0.5Se (wt. %) and 87.38n-3.2Ag-4.01n—4.53i—1.0§e (wt.
%) alloys were prepared and tested in substantially the same manner as d&ccnbed in.Exam_ple
1. A0.2% offset ﬁeld strength of 72 and 64 MPa, respectively (exceeding the yield
strength of the 605Sn-40Pb (wt. %) alloy by 140 and 113 %), and an ultimate tensile strength
of 84 and 77 MPa, respectively (exceeding the tensile strength of the 60Sn-40Pb (wt. %)
alloy by 127 and 108 %), were determined.

EBxample 8

An 87.5Sn-3.2Ag-4.0In-4.5Bi-0.8Ga (wt. %) alloy was prepared and tested in
substantially the same manner as described in Example 1. A 0.2% offset yield strength of 75
MPa (exceeding the yield streagth of the 60Sn-40Pb (wt. %) alloy by 150%) and an ultimate
tensile strength of 77 MPa (exceeding the tensile strength of the 60Sn-40Pb (wt. %) alloy by
108 %) were determined.



6 ~ Lead-free solder alloys containing Sn (at least 85.0 wt. %, Ag -
(between 1.5 and 4.5 w. %, Bi(between 1.0 and 8.0 wt. %, and either Se

or Te (between 0.05 and 1.0 wt. % have tensile properties significantly
exceedi ng those of traditional 608n-40£’8 (wt. %9 alloys. For a variety of
pur poses such as further increasing theYstrength or decreasing the |iquidus
tenperature, t Fhusktlioygpareay thal there@s bédnrproviddd) inlacdordhnce Yithethe inveation, a
Lead-free solder alloys containing Sn (at least 85.0 wt. %, Ag (between
1.5 and 4. fad-fibe sdder alloy édafiodtto thkt fullpnakishiethslobjells, aifts addadvidages 30 and .
8.0wm. %, an either Se or Te (between 0.05 and 1.0 wt. % have tensile
properti esfophGbovel ONGild the veMRA 1S bbdafesorbed id Edftidctictiwith §Raific40Pb (wt. 9
all oys. For a variety of purposes such as further increasing .

' embodimeats thereof, it is evideat that many alternatives, modifications, and variations will

be appareat to those skilled in the art in light of the foregoing &escﬁpﬁon. Accondingly, it is
intended to embrace all such modifications, and variations as fall within the spirit and broad

scope of the appeaded claims.



the strength or decreasing the |iquidus tenperature, the alloys may al so
contain up to 1.0% Ga. Lead-free sol der alloys containing Sn (at
‘least '85.0 wt. %, Ag (between 1.5 and 4.5 wt. %, In (between 1.0 and 6.0
w. %, Bi(between 1.0 and 8.0 wt. %, gnd Ga (between 0.05 and 1.0 wt. %
have tensile properties significantly exceeding those of traditional 60Sn-
40Ph (wt. 9% aWeosltim: . Exanpl es
The foll owi ng exanples are prvided to hel p denonstrate the invention but
are not intended to limt the scope thereof.
Exanmple 1

1. A lead-free alloy solder composition comprised of Sn, Cu, and Ga.

2. The lead-free alloy composition of claim 1 inc!udmg at least about 75 weight
perceat Sn, betweea about 0.1 and95we(ghtpementCu and betweea about 01 and50
weight perceat Ga.

3. The solder of claim 1, wherein the alloy also includes an elemeant selected

from the group consisting of In, Za, Se and B or mixtures thereof.

4. The solder to claim 1, wherein the alloy also includes one or more of the
following elements: between about 0 and 6.0 weight penﬁent In, between about 0 and 9.0

weight percent Zn, and either Se or Te in an amount of not greater than 1.0 weight percent.

5. A lead-free solder composition comprising an alloy of at least about 75.0 wt %

Sn, between about 0.1 and 9.5 wt. % Cu, between about 0.01 and 5.0 wt. % Ga, and
betweea about 0.1 and 10.0 wt. % In.

6. The solder composition of claim 5, wherein the alloy may also include one or

more of Se and Te in an amount of between greater than 0 and 5.0 wt. %.

THIS SHEET HAS BEEN
REPLAGED

I
ot Has Been Re{laced
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7 " Casting of a 60Sn-40Pb (Ww. % alloy was conducted by placing an
Jinert container containing the alloying elenents in a box furnace and
heating.the furnace to the anticipated nelting terrperature The cont ai ner
was sealed with a lid that provided acggss to a “thernocouple and a tube
supplying argon to protect the nelt from oxidation. The. nmelt was
periodical |y st{-rred salddciepmpasitiane remetised 0f a dsad-feep alloy inclydiog atilensimboutn
alumnumnold to provide tensile specinmens. Roomtenperature tensile tests
were condu@§Qdvtate 8n,thetween pbasg Ook and19.frwtni¥nCuey befween about B QJf dndefi.0 wito Rd
strength of 30 MPa and an ultimte tensile strength of 37 MPa were
neasured. Sa9bet@Gn-abo@@! and EhO V2 $eln, \and bét)veaidboyt Waangi@Pavte® Znd t est ed
in

8.  The solder of claim 7, wherein the alloy may also include between greater
than 0 and 5.0 weight percent of either Se or Te.

9. A solder composition, cous:stmg esseutially of a lead-free alloy including at
least 75.0 wt. % Sn, between about .1 and 9.5 wt. % Cu, and between about .1 and 10.0
wi. % In. |

10. A solder composition comprised of a lead-free alloy including, at least about
7_5.0 weight percent Sn, between about 0.1 and 9.5 weight percent Cu, between about 0.1

and 10.0 weight percent In, and without the inclusion of Ag: "

11.  The solder of claim 10, wherein the alloy also includes between greater than 0
and 5.0 wt. % of either Se or T,

12. A solder composition, comprised of 3 lead-free alloy including at least about
75.0 wt. % Sa, between about 0.1 and 0.8 wt. % Ag, and between about 0.1 and 10.0 wt.
% In.

THIS SHEET HAS BEEN
REPLACED
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substantially the sane manner as descri WP of fset yield
strength of 42 MPa (exceeding the yielf s{ hHA$ BERN [60Sn- 40Pb (w. %
“alloy by 4099 and an ultinate tensile & rendER-88EDY VP (exceeding the
tensile strength of the 60Sn-40Pb (wt. %, alloy by 329 —were determn ned.
Exanmple 2 . ~ A91.1Sn-3.9Cu-1.0GA-4.0ln (wm. .99 alloy was prepared
and tested in $Mbst T doldet yf clhiiael X aviersim thieatlop mayl elso fadield one ofmangdfahd. A
0.2% of fset yield strength and an ultinate tensile strength of both 48 MPa
(exceedi NGolidiing/élehentsit Z& M@k amoht oh ot rédtdTih dbo®S9.0avtsh Gadi i aidunt he
60Sn-40Pb (w. 9% alloy by 60% and 30% respectively) were detern ned.
Exanpl e 3 of not greater than about 1.0 wt. %, either Se or T& in an amount of not greater than about

1.0 wt. %.

14. A solder composition comprised of a lead-fres alloy including at least about
75.0 wt. % Sn, between about 0.5 and 6.5 wt. % Ag, between about 0.5 and 8.0 wt. % Bi,
and between about 0.01 and 5.0 wt. % of either Se or Te.

15.  The solder of claim 14, wherein the alloy also includes from greater than
about 0 to about 5.0 wt. % Ga.

16. A solder composition, comprising a lead-free solder alloy containing at least
about 75.0 wt. % Sn, between about .5 and 6.5 wt. % Ag, between about .1 and 10.0 wt. %

Ia, between about .5 and 8.0 wt. % Bi, and between about .01 and 5.0 wt. percent of either

Se or Te.

17.  An article according to claim 16, wherein the alioy may also confain up to

about 5.0 wt. % Ga.

18. A solder composition, comprising a lead-free solder alloy containing at least
about 75.0 wt. % Sn, between about .5 and 6.5 wt. % Ag, between about .1 and 10.0 wt. %

In, between about .5 and 8.0 wt. % Bi, and betweea about 0.01 and 5.0 wt. % Ga.

_—
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An 86.2Sn-0.7Cu-0.5Ga-4.0In-8.6Zn (w. % alloy was prepared and tested in
substantlally the sane manner as described in Exanple 1. A 0.2% of f set
yield strength of 63 MPa (exceeding the yield strength of the 60Sn-40Pb
(mt. 9% alloy by 110% and the yield strength of 86.0Sn-5.0In-9. QZn all oy
(55 MPa) by 15W%dand an_ ultimate tensil elétrength of

8 73 MPa (excdRdi nfinerticlecomprised afithespidas obelaimd indhsformpha pajie, omama) | oy by

97% and t he tenS|Ie stregth of 86.0Sn-5.0In-9.0Zn alloy (62 MPa) by 18%)
wer e det erptefpmmy wire, ribbon or bar. . Exanpl e 4

20. A solder compasition comprised of a lead-free alloy including at feast about 75
weight perceat Sn, between about 0.1 and 8.0 weight percent Ag, between about 0.1 and
- 10.0 weight perceat In, and the abseace of Co.

THIS SHEET HAS BEEN
REPLACED
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92:8Sn-3. CCu-4.0In-0.2Se (W . ‘99 and 91.8Sn-4.CCu4.0ln-0.2Se (w. % alloys
.were prepared and tested in substantially the sane manner as described in
Exanmple 1. A 0.2%offset yield strength of 40 and 46 MPa, .respectively
(exceeding the yield strength of the GQ n-40Pb (Ww.. 9% alloy by 33 and
53%, and an ultimate tensile strength-of. 47 and 48 NPa respectively
(exceeding the tensiHEGH PERENGTR{ ~FRER -SQEER MAXERIALS oy by 27 and

30% , were_ determ ned. Exanpl e
5 © % An 86.9Sn-0. 5Ag- 4. 0l n- 8. %TMCT % all oy was prepared and
tested in SUbStM&Nmﬁé&G—fﬁéW&W&%ﬂé E%'tﬁos&ofA 0.2%
offset yield strength of 56 MPa- (exceédi ng the vyi eI d strength of the

60Sn- 40P (gthr-eutdoti®bOSRAORY (R(."%) 3i6hs 2 Trb afibyTBlCbds&d 6 106 Sn-Cit-Ga, Sn-Cu-Ga-

In, Sn-Cu-Ga-In-Za, Sn-Cu-In, Sn-Ag-In, Su-Ag-Bi-Se/Te, Sn-Ag-In-Bi-Se/Te, and

Sn-Ag-In-Bi-Ga systems.
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strength of 64 MPa (exceeding the tensile strength of the 60Sn-40Pb (wt. %N

“alloy 7 Am_g RIS Application No. 97044176
Exa "SE: O I?"]A-‘g 1)I’SBl - 0. %Se (Ww. % alloy was prepared
and d in substantially the safe manner as described in Exanple 1. A
f oot ) DD

At ot atla

0. LILI UI UV 1IvifrAd
9 T@I@Wﬁﬁﬁsﬁé strength of the 60Sn-40Pb (wt. 9% alloy by 100%

ang an ultimate

HIGH STRENGTH LEAD-FREE SOLDER MATERIALS

Disclosures are lead-free solder alloys having tensile properties exceeding those of neareutectic
60 Sn-40 Pb (wt.%) alloys. The alloys are based on the Sn-Cu-Ga, Sn-Cu-GA-In and Sn-Cu-
-Ga-In-Zn Systems.
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tensile strength g exeeed-hg the tensile strength of the 60Sn-40Pb

(Ww. % alloy by 1&Ade8ﬂE&Tm ned

Exanple 7 87. 85h- TIAGA] 0 n455|9¥mgv4p@pan

-87.35n-'3. 2Ag- 4. Olr-z QBMA\OQQMV\A %_all and"t@ted in

subst anti al 1Y the sqme manner as legcri bed i n Exanpl e 1. 2% off set

yiel'd strength of {7Z ami-64—MPa—tf eppectively (exceedi ng the yield

strength of the 6QSn-40Pb (Wt. % a I % by 140 and 113 9%, and an ultimte

tensile strength Aofa dbecpnesentym(venue@dm@lat et soldén e

strength of the 60Sn-40Pb allo 127 and 108

det er% ned. comp(%uon S\ s1cal attnbutes e¥1 l13valent or supenoor to irax\%onal lead
containing solders.

Additional objects and advantages of the invention will be set forth in
part in the description which follows and in part “will be obvious from the
description, or may be learned by practice of the invention. The. object and
advantages of the invention may be realised and attained by means of the

instrumentalities and combinations particularly pointed out in the appended

L
[T

i
i

claims.

To achieve the foregoing objects and in accordance with the purpose of
the invention, as embodied and broadly described herein, the solder
composition of this invention is comprised of a lead-free alloy including tin,
copper, gallium and indium. Tin comprises at least about 75 weight percent of
the alloy composition, the copper between 0.1 and 9.5 weight percent, the
gallium between 0.01 and 5.0 weight percent and the indium between greater -
than 0 and about 6 weight percent.

Preferably, the tin comprises at least 85 weight percent of the alloy
copper between 0.3 and 4.5 weight percent and gallium between 0.05 and 1.0

weight percent.

In embodiments of the invention, the alloy may further include zinc,
selenium and/or tellurium. Preferably, the solder may comprise between 0 and
9 percent zinc and either selenium or tellurium in an amount between 0 and 1.0

weight percent.



Exanpl e 8 An 87.5Sn-3.2Ag4.0In-4.5Bi -0.8Ga (wt. % alloy was
prepared and tested in substantially the sane manner as described in
Example 1. A 0.2%offset yield strength of 75 MPa (exceeding the yield
~strength of the 60Sn-40Pb (wt. 9% alloy4by 1509 and an ultinate tensile
strength of 77 MPa (exceeding the tensile strength of the 60Sn-40Pb (wt. %
all oy by 108% were determ ned.

Detailed Description of the Invenﬁon

Lead-free solder alloys containing Sn (at least 75.0 and preferably 85.0
wt. %), Cu (between 0.3 and 4.5 wt. %) and Ga (between 0.05 and 1.0 wt. %)
have tensile properties (according to ASTM E8-96) exceeding 40 MPa,
preferably 45 MPa and more preferably 50 MPa:- For a variety of purposes
such as further increasing the strength or decreasing the liquidus temperature,
the alloys may also contain one or more of the following elements: In (not
more than 6.0 wt %), Zn (not more than 9.0 wt. %), either Se or Te (not more
than

foiien
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10 Thus it is apparent that there has been provided, in accordance
with the invention, a |ead-free solder alloy conposition that fully
satisfies the objects, aims and advantages set forth above. Wile the
-invention has been described in cojunction with specific enbodinments
thereof, it is evident that many alternati ves, nodifications, and
variations will be apparent to those skilled in the art in light of the
foregoi ng description. Accordingly, it is intended to enbrace all such
modificati onsgrapiyariations as fall within the spirit and broad scope of
t he appended cl ai ns. CLAI M5

1. A lead-free alloy solder composition comprising at least about 75 weight
percent Sn, between about 0.1 and 9.5 weight percent Cu, between about 0.01
and 5 weight percent Ga and between greater than 0 and about 6 weight percent
In, the composition having a tensile strength of a:t"'least 48Mpa.

2. The composition of Claim 1 including at least 85% weight percent Sn,
between 0.3 and 4.5 weight percent Cu and between 0.05 and 1.0 weight

AR
§y

percent Ga.

3. The composition of Claim 1 or 2 including between about 0 and 9.0
weight percent Zn, and either Se or Te in an amount of not greater than 1.0

weight percent.

4, An article comprising a paste, cream, preform, wire, ribbon or bar made

of the composition of any one of Claim 1 to 3.
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1. A lead-free alloy sol der conpositi.on conprising at |east about 75

wei ght percent Sn, between about 0.% and 9.5-wei ght percent Cu, between
about 0.01 and 5 wei ght percent Ga and between greater than O and about 6
wei ght percent 'In, the conposition having“a tensile strength of at |east
48M\pa.- - 2. 7 -The conposition of Claiml. including at | east 85% wei ght
percent Sn, bet vveenHGG!‘} SREENCEHEERr FREF cBALDER MAEERAMEen 0.05 and 1.0
wei ght percent Ga. 3. The conpo%é@ﬁlxm‘t Claim2l1l or 2 including between
about 0 and 9.0 wei ght percent Zn elther Se or Te in an anount of not

greater than 1pfisRi@heROIdoRe solder ftloys hMiVln@lehdite| RofeRRP BilcBiditg thoatt €,
cream preform wre, ribbon or bar made of the conposition of any one of
G aim1l tOnedreutectic 60Sn-40Pb (wt. %) alloys. The alloys are based on the Sn-Cu-Ga, Sa-Cu-Ga-

In, Sa-Cu-Ga-In-Za, Sn-Cu-Iﬁ, Sn-Ag-In, Sn-Ag-Bi-Se/Te, Sn-Ag-In-Bi-Se/Te, and

Sn-Ag-In-Bi-Ga systems. ‘
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