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05 APR 2004 LEAD-FREE SOLDERS This application is a continuation in part of
*U.’S. Serial No. 09/224,323 filed December 31, 1998. The present invention
relates to a lead-free solder alloy for use in soldering and sol d&f APR 200
i nterconnections. Mre particularly, the present invention relates to
| ead-free conpositions containing effective anounts of tin, copper, silver,
bi smut h, antinony and/or indiumand having a nelting tenperature between
175- 215C. The alloy is particularly useful in mcroelectronics and
el ectronics applications. Despite its current success in the el ectronics
i ndustry, Pb-Sn-solder alloys face a limted future due to lead toxicity
and the control or prohibition of the wuse of |ead on a global |andscape.
Consequently, many initiatives on a world-wi de basis have been taken to
find suitable |l ead-free alternatives to Pb-Sn solder alloys. 1In the

nmeantime, the high strength i"l‘:%[? %%a‘gq}@ si stance of |ead-free alloy
is needed to neet the increasing l'ev performance in solder joints as

required by the continued advancenments in integrated circuit (1C) and IC
package technologies. In the hierarchy of electronics manufacturing
solder alloy is U‘Q%éppbcaitﬁét i&la cenjins@tiog in ean thhéSb§|eéabNDp§96’r24p%2:3<aged

chips o of a substrate through the formation of a
desi r abl' Edogﬁge bei{%g allics. An instant flow and sound wetting of the

sol der alloy wi t“['”hé Feesce@mmuéryudﬁ?@\a{@%tﬁ:l bi @abliRie SBREP SlsARSuin Ad, Au,
Pd, Ni and ot her allic surfaces is a prerequisite to thé formation of

reliabl golstsirchgr andsalder imeeronrestiongh-Mdpeedariot @yt the peesesrdonve ntran
e to electronic s
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A PR Zogflsmuth, antimony and/or indium and having a melting temperature between 175-
215°C. The alloy is paricularly useful in microelecironics and efectronics
applications.

Despite its current success in the electronics industry, Pb-Sn solder
alloys face a limited future due to lead toxicity and the control or prohibition of the
use of lead on a global landscape. Consequently, many initiatives on a world-wide
basis have been taken to find suitable lead-free alternatives to Pb-Sn solder alioys.

In the meantime, the high strength and high fatigue resistance of iead-free alloy
is needed lo meet the increasing level of performance in solder joints as required
by the continued advancements in integrated circuit (IC) and IC package
technologies.

in the hierarchy of electronics manufacturing, solder alloy is used to
metalturgically join the bare chips or packaged chips onto the next Jevel of a

- substrate through the formation of a desirable band of intermetallics. An instant
flow and sound welting of the solder alloy with the commonly used metallization

pads such as Cu, Ag, Au, Pd, Ni and other metallic surfaces is a prerequisite to the

formation of reliable solder joinls under the high-speed automated manufacturing
process using mild fluxes that are acceptable 1o electronic systems.

Surface mount technology has been a critical manufacturing technology
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‘i.'ri produci ng small er, denser and faster printed circuit boards (PCB) that
make nodern el ectronics possible. The Pb-Sn eutectic sol der of 63Sn/ 37Pb

is nost widely used in electronic assenbly, particularly surfacedosast 20,
printed circuit boards. This sol der provides another critical physical
property, i.e., a noderate nelting tenperature, particularly bel ow 2100C.

The nelting tenperature of an alloy, except a eutectic conposition, is
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tenperature of the solder alloy, for exa oy having a
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temperature will damage electronic devices and polymer-based PCB during
soldering, while {oo low of a melting temperature will sacrifice the long-term
reliability of the solder joints. For circuit board manufacturing involving typical
polymer-based PCB such as FR-4, the process temperature cannot practically
exceed 240°C. Therefore, a lead-free solder alloy which can replace 635r/37Pb
and funclion in the surface mount manufacturing process must have a liquidus
temperature below 215°C, preferably about 210°C.

Solder joints perform as electrical, thermal, and mechanical
interconnections in an electronic system such as telecommunication, compuler,
avionics and automolive electronics. During the service life, solder joints are
inevitably exposed to thermal stresses as the result of temperature fluctuation,
power on/off, and/or harsh environmental conditions. This coupled with the mis-
matching thermal expansion in the interconnecied materials of semiconductor,
ceramic, melal, and polymer in the system, result in thermo-mechanical fatigue in
solder joints. As the electronic circuitry becomes increasingly denser and the clock

speed of microprocessors conlinues to reach ever-higher frequencies, one of the




_ceramic, netal, and polyner in the system result in therno-nechanical
fatigue in solder Joints. As the electronic circuitry becones i ncrgejafﬁdﬁﬂllay
denser and the clock speed of mcroprocessors continues to reach J
ever - hi gher frequencies, one of the 2 0 5 APR 2004 obvi ous effects on the
design of and the material used for an electronic systemis to handle the
I ncreasing heat dissipation. In addition, the nunber of solder joints on

each REBicontifacesor iherdestgn olThrd piesenetalefscsduesnleldhamsangdeorist ens of
t housands of solder joints on a PCB is not unconmon. However, any single
sol derlOjfnite thg Infreasieginesd dissipation. | ed system Consequent I y,
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resistance of this alloy 1is poor. US. Patent No. 55276 8 t o, Ander son et
al f ordipgEt R agRchGechnorEiesRrchUTERTP coiipL biERededemapdsths &!ﬁﬂiﬁfw tion of
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COVPCSI TE SOLDERS  describes a | ead-free solder alloy conprising 86 to 97%
Sn, 0.3ummady Béshsse leaddree alloys is outlined in Chapter 15 of the book "Modern
Solder Technology for Competitive Electronics Manufacturing”.

U.S. Patent No. 5328660 to Gonya et al for LEAD-FREE, HIGH
TEMPERATURE, TIN BASED, MULTI-COMPONENT SOLDER describes a
composition of 78.45n2Ag9.8Bi9.8In. However, the fatigue resistance of this alloy
IS poor.

U.S. Patent No. 5527628 {o Anderson et al for PB-FREE SN-AG-CU
TERNARY EUTECTIC SOLDER describes a compaosition of 93.65n4.7Ag1.7Cu
with the melting temperature of 217°C. The melting temperature of this alloy is still
relatively high and its fatigue resistance is moderate.

U.S. Patent No. 5520752 to Lucey et al for COMPOSITE SOLDERS
describes a lead-free solder alloy comprising 86 to 97% Sn, 0.3 to 4.5% Ag, 0 to
9 3% Bi and 0 to 5% Cu. The fatigue resistance of the alloy is moderale or low.

U S Palent No. 5538686 to Chen et ai for ARTICLE COMPRISING a
PR-FREE SOLDER HAVING IMPROVED MECHANICAL PROPERTIES describes
a lead-free solder alloy with the melting temperalures from 173 to 193°C
comprising >70% Sn, 6 to 10% Zn, 3to 10% In, <10% Bi, >5% Ag and <5% Cu.

The alioys cannol wet typical subsirates under electronic packaging and assembly

manufacturing environment.




- 9.3%Bi and 0 to 5% Cu. The fatigue resistance of the alloy is noderate or
"low. U S Patent No. 5538686 to Chen et al for ARTICLE COWRI SI NG a

PB- FREE SOLDER HAVI NG | MPROVED MECHANI CAL PROPERTI ES describes a Ie@iﬁl-,qugq@d
solder alloy with the nelting tenperatures from 173 to 193C conpri sing
>70% Sn, 6 to 10% Zn, 3 to 10%In, <10%Bi, >5% Ag and <5% Cu. The all oys
cannot wet typical substrates under el ectronic packagi ng and assenbly
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from179 to 1 89C. The fatigue resistance of this alloy is low In
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to function adequately in formng reliable solder joints in the electronic
packagi Ifg"' ﬁa%gﬁmwommf y. SUMMARY OF THE | NVENTI ON Accordingly, it
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an advant age of s 1 nven f OVi ‘ee sol der t offers

hi gh- st arezgtd fusiitbrhibgBglatel@ue oRAINGt ANeeId ol simadntine élketreasi ngly
adverse and harsh conditions in mcroelectronic and el ectronic

appl i caRd@eging engdsssemly gfudgvant age of this invention -to provide a

| ead-free solder that has a noderate nelting tenperature bel ow about 215C
useful: for maminstream electronics manufacturing. It is a further

advant aggnhaRl §F ﬁMEqM\@NTQNr ovide a lead-free solder alloy that can
readi | y we ' trates such as Sn, Cu, Ag, Au, Pd and N
i n mcroel ect r oAccomiylgliesta primaryrabjettdtthisimegrtionftopnoederdeaddreeel | abl e
sol der joints without fluxes that are unacceptable to electronic
manuf ac{q,?qﬁqerﬂdj is an advantage of this invention to provide a lead-free solder t%at offers
high-strength, and high fatigue resistance to withstand the increasingly adverse
and harsh conditions in microelectronic and electronic applications.
| It is 2 further advantage of this iﬁi}enliéh-to provide a lead-free solder
that has a moderate melting temperature below about 215°C useful for mainstream
electronics manufacturing. '

it is 2 further advantage of this invention ic provide a lead-free solder
alloy that can readily wet common metallic substrales such as Sn, Cu, Ag, Au, Pd
and Ni in microelectronic and electronic manufaciuring to form sound and reliable
solder joints without fiuxes that are unacceptable to electranic manufacturing.

It ts a further advantage of this invention to provide a lead-free solder
that can adapt to the established electronic manufacturing process and
infrastructure without requiring major changes in materials, processes and
componemnts,

Addilional cbjecls and advantages of {he invention will be set forth in

part in the description which follows and in pari will be obvious from the

description, or may be learned by praclice of the invention. The object and
advanlages of the invention may be realized and attained by means of the
instrumentalities and combinations particularly pointed oui in the appended claims.

To achseve the foregoing objects and in accordance with the purposes
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It is a further advantage of this invention to provide a | ead-free sol der
“that can adapt to the established el ectronic manufacturing process gﬁ_g
infrastructure without requiring nmajor changes in materials, proces Adh ity
conponents. Additional objects and advantages of the invention will be set
forth in part in the description which follows and in par will be obvious
fromthe description, or nay be |earned by practice of the invention. The
obj ect and advantages of the invention may be realized and attained by
means of thisgnvemiin, asemhipddied em i 2ennbl SR lDederOR! the YbRiek Yo B0k B ed out
in the ﬁppended clains. To achieve the foregoing objects and in”accordance
with t HBSHOYPdsshayenSs aapRNamD £ons!itens ahdefatieremasnisnideletig aid br oadl y
descri rej n, | der _allo of thjs invention have Sn as a nmjor
const i ?ﬁganr??asﬁjd eﬁﬁ%?gfa&g i%ﬁﬂ?gglcs?ﬁ %ﬁ@pﬂb?legﬂ"?ﬁ'”ﬂnt%ﬂﬂe@éwﬁh@?%I der
denonstweatzslito ONpaAtdtieingtTRlrd RghtfaTneE %gg% O%EOd wettability, high
strength, and high fatigue resistance. BRI E ESCRI PTI ON OF THE DRAW NG
Fig. 1 shows the wetting force (mN) vs. the wetting time of the sol der
al l oy: 8 N0 .5C % Bi on a Cu coupon at 235C. DETAI LED DESCRI PTI ON
OF THESNVENTERNOAR e THIE ORAMINGS || be described in connection with a
preferred enbqdj i A : it 1.s.n intended to
o T ha | oendblRhows indbeitife HRENLPS t%’%\%ﬁtﬁ%{ﬁ%&%ﬁhgess& ®hi gh
st r enghoy BYBShaISQUBAgEBBE AN, a Biudtbupket dlizagegbi 1 ity, |ead-free sol der
all oy having the conpatible nmelting tenperature wth the established
printed circuit board manufacturing infrastructure. The solder alloy of

{158 . eight% Sn, 0.2 to 2.5 weight %
In, O to 5.0 wight %Bi and O

to 2 While the invention will be described in connection with a preferred

embodiment, it will be understood that it is not intended to limit the invention {o that
embodiment.

The invention provides a high strength, high fatigue resistance, high
wetting ability, lead-free solder alloy having the compatible melting temperature
with ihe established printed circuit board manufacturing infrastructure. The solder
alloy ofthi.s invention comprises about 76 to 96 weight% Sn, 0.2 to 2.5 weight %
Cu, 2 to 4.5 weight % Ag, O to 12 weight % In, 0 to 5.0 weight % Bi and 0 1o 2
weight % Sb. Preferably, the composition will include at least 2.0 weight % In.
Preferably, the composition will include at least 0.5 weight % Bi. Preferably, the

’ composition will include greater than 0 weight % Sb. More preferably, greater than
0.01 weight % Sb.

In a particularly preferred form, the invention comprises between about

. B1t093% Sn, 0210 1.0% Cu, 2510 45% Ag, and 6 tc 12% In  In a further

preferred form of the invention, the composition comprises between about 81 to
80% Sn, >0t0 1.0% Cu, 2.510 4.5% Ag, 6to 12% In, and >0% Sb. An alternalive
embodiment of the invention is the composition comprising 81 1o 85 % Sn, >0 {o
1.0% Cu, 2.51t0 45% Ag, 6% to 12% In, and 0.5 1o 3.5% Bi. One additional
embodiment is the composition comprising 90 10 96% Sn, >0 10 2.5% Cu, 2.0 to

3.5% Ag and 0.5 10 5.0% Bi. Unless otherwise identified in ihe descriptions and



wei ght %.Sb. Preferably, the conposition will include at |east 2.0 weight %
“In.  Preferably, the conposition will include at |east 0.5 weight %Bi.
Preferably, the conposition will include greater than 0 wei ght %%AP‘WC@:S
preferably, greater than 0.01 weight % Sb. In a particularly preferred
form the invention conprises between about 81 to 93% Sn, 0.2 to 1. 0% Cu,
2.5to 4.5%Ag, and 6 to 12%In. In a further preferred formof t he

i nventi h Qsi,tian ri ses bet. neen about 81 to 90% Sn, >0 to
1. 0% Cu ﬁggné ﬁbﬁgﬁgéng‘é)er%eq 8?%@{?%)’ 1>0% Sb. An alternative

embodi ment of t heisignyeRl e ¢ enagp Qérhb!r%@i A9IBpP ag8ds het 881y% Sn, >0
to 1.0%Cu, 2.5t0 4.5%Ag, 6%to 0 and 0.5 0350
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exponent ecreases Wi I ncreasi ng up to about
exanpl eestét@ncpi agtiecplbyticity linearly decreases and the fatigue life exponentially

For

decreases with further increasing Cu up to about 2%. For example, the plasticity
and fatigue life of an alloy (87.4 Sn/0.5 Cuw/4.1 Ag/8 In) at 0.5% Cu are 206% and
146% higher than those of an alloy (86.1 Sn/1.6 Cuw/4.3 Ag/8 In) at 1.6% Cu. The
plasticity and fatigue life of an alloy (83.4 Sn/0.5 Cu/4.1 Ag/12 In) at 0.5% Cu are
250% and 174% higher than those of an alloy (82.4 Sn/1.5 Cu/4.1 Ag/12 In) at
1.5% Cu.
About 3% Ag alone are the mosl effective amounts to lower the melting
i temperatures of alloys. The variations of the melting temperatures of alloys at 3-
4.5% Ag are within 1°C. For example, the melting temperatures (196-202°C} of an
alloy (88.58n/0.5€u/3Agf81n) at 3% Ag are aboul 10°C lower than those {(208-
212°C) of an alloy (91.55n/0.5Cu/8in) without Ag, bul about the same as those
(185-201°C) of an alloy {87.45n/0.5Cu/4.1Ag/8In) at 4.1% Ag.
The additions of In inearly decrease the melling temperatures at a rate
- of about 1.8°C per weight percent up to about 12%. The strengths of alloys linearly
increase and the fatigue lives exponentially increase with In up {o about 8%. 8-
10% in are the optimum contents for a superior fatigue resistance. For example,
an alloy (87.4Sn/0.5Cu/4 1Ag/8In) at 8% In has a 6°C lower melling temperature,
126% higher strength, and 175% higher faligue life than an alloy




and fatigue life of an alloy (87.4 Sn/0.5 Cu/4.1 Ag/8 In) at 0.5% Cu are
" 206% and 146% hi gher than those of an alloy (86.1 Sn/1.6 Cu/4.3 Ag/8 In)
at 1.6% Cu. The plasticity and fatigue life of an alloy (83.4 Sn/®j3prx 21,
Cu/4.1 Ag/12 In) at 0.5% Cu are 250% and 174% hi gher than those of an
alloy (82.4 Sn/1.5 Cu/4.1 Ag/12 In) at 1.5% Cu. About 3% Ag al one are the
nost effective anbunts to lower the nelting tenperatures of alloys- The
variations of the nelting tenperatures of alloys at 3- 4.5% AO are within
1C. For{Bx45pl05CuMel Agrkin)ngt véhrper 420 &s i Eo6ridg@oint fan theanodgble
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possi bl es Wth' an acceptable atigue resistance for

sone craoftBicsHoudplilesd s 5% tor X atfdablampladtiaity and fatigue resistance.
(82. 3SNO. 5Cu/ 3Ag12. 2Bi / 121n) at 12 % In and 2.2% Bi has a_ 130% higher
st r engther exainplBothe pigsticinandi@tiguadifa diealiavdy 8- 358 Ao L aOBYA2EN al | oy

are significantly degraded to the level that is inferior to those of 83Sn/37Pb.

The In-containing solder alloys can also be further strengthened by small
amount of Sb, say 0.5%, to achieve higher fatigue resistance without notably
raising melting temperatures. For example, an atloy
(84Sn/0.5Cu/3AQ/2.2Bi/12In/0.55b) at 12% In and 0.5% Sb has a 113% higher
strength and 160% higher fatigue life than an alloy (83.4Sn/0.5Cu/4.1Ag/12In) at
12% In without Sb. However, too high in Sb for the In-containing alloys will
increase the melting temperatures, reduce the plasticity and fatigue life, and

’ degrade the wettability on Cu. For example, an alloy (84Sn/0.5Cu/3Ag/121rv0.55b)
at 12% In and 0.5% Sb has a 4°C lower meiting temperature, 212% higher
plasticity, and 125 higher fatigue life than an alloy (82.5Sn/0.5Cu/3Ag/12In/235b)

. at2% Sb.
In terms of the underlying mechanisms, Cu, Ag and Sb are all the
intermetallics forming metals with Sn. Cuforms CusSns pariicles, Ag forms Ag;Sn
" particles, and Sb forms SnSb cubic particles. Those intermetallic particles
themselves are much stronger than Sn-matrix, and are effeclive blocks for fatigue
crack propagation. Indirectly, the formation of the multi-inlermetallic particles
partitions a finer Sn-malrix grain struclure. The intermetallics-induced finer grains

in Sn-malrix facilitale grain boundary gliding and exiend fatigue lifetime.
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(83.4Sn/0.5Cu14. 1Ag112I n) at 12% In wthout Bi. The maxi num possi bl e

" content of Bi should be lIess than 5% for an acceptable plasticity and

fati gue resistance. For exanple, the plasticity and fatigue |ife &3 & 2004
all oy (79.5SNO. 5Cu/ 3Ag/5Bi/121n) are significantly degraded to the level
that is inferior to those of 63Sn/37Pb. The In-containing solder alloys can
al so be further strengthened by small anpount of Sb, say 0.5% to achieve

hi gher fatigue reshist | : LS | .ures.
For exanple, an all oygﬂf@@r’f}%9%5%%%&3%@’1‘%{1%6@?% %g%rﬁ%g?/ﬁ EH and 0.5%
Sb has eclute3gtvhs ghbd sokitivengtdéngihanihg0dnbicgbeictéatifgiee slip ichatdwer an 2110Y

(83.4Sr V%_ %%/4., 1Ag/12In) at 12%In w thout Sb. However, too high in Sb
for the?l felgys hactyre 698aGitY-1  increase the melting tenperatures,
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fatigue life than an alloy (82.5Sn/0.5Cu/ 3Ag/ 12 n/2Sb) at 2% Sb. In terns

of the RATHelesyhrIeiase Birmronsies Goth Aglidsaluthn afrenglhenirigeand preeimitetian| i cs
form ng, s CubSnb particles, Ag fornms A

metals with Sn. Cu fo ,
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t hemsel yRScHArS : - I X arg effective bl ocks for
fatigue i%icr acgkmg];l f)dgaa;grl on%ﬁ'%ﬁgg{&fg?&%&é% @?ﬁ%ﬁ' %ﬁ&bf t he
mul ti-intermetalte copi@nt ot Pes3 J9aIAd tsi @Nadfdr sifderSAtoRL ki Sn/GLAAGBI
structure, The internetallics-induced finer grains- in Sn-matrix facilitate
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a hi gheatigud liguand pantidne of 2PASHdY (SBBSEITLBC §/ISNAGRL TBIY £LBYShadgladtice as
substitutional solute atons up to
about 152% and 138% higher than an alloy (90.58n/1.7Cu/4.7Ag/3.1Bi) at
4.7%Ag. The content of 2.5% Ag is a minimum {0 provide a superior fatigue
resistance. Below 2.5%, the fatigue resistance is lowered. For example, the fatigue
fives of alloys 93.38h/0.50u/3.1Ag!3.1Bi, and 92.25n/1.5Cuf3.2Ag/3.1Bi and
91.55n/2Cu/3.4Ag/3.1Bi are about 538%, 366% and 281% higher than that of an
alloy (83Sn/2Cuf2Ag/3Bi) at 2% Ag.

However, in any other systems containing In, In will react with Ag or
absorb some Ag to form Aglhz intermetallic compound or even AgSnin ternary
intermetallic. Therefore, the maximum content of Ag in any other systems
containing In can be allowed to be 4.5% for the good plasticity and fatigue life.
Any higher dosage will not furiher reduce the melting temperature but will increase
brittleness. For example, at the same melting temperature, the piasticity of an
alloy {84 Sn/.5 Cu/13 Ag/12/.58b) is 131% higher than an alloy (81.1 Sn/1.7 Cuf4.7
Ag/12 In/.5 Sh).

For reference purposes, it is believed that the melting temperature of
635n/37Pb solder was measured at about 183°C, the ultimate tensile strength

being 47 MPa and the low-cycle fatigue life at 0.2% strain being 3650 cycles. The

melting temperature, tensile strength and fatigue life of known sclder alloy




about 1 wt.% Beyond about 1 wt.% Bi can precipitate out as second phase

" particles. Therefore, Bi provides both solid solution strengtheni n'ﬁ"}am ,
precipitation strengthening. The portion of Bi-solute strengtheni d Yorlfid
al so pronote a finer slip character for a higher fatigue fracture capacity
in Sn-matrix. The content of 2.5-3.5% Ag is critical for solder alloys in
Sn/ Cu/ Ag/ Bi systemin contrast to 2.5-4.5% Ag for any other systens

cont ai Rigig ki 7 oA g,%gggfl&cla%lr\ﬁe’@a ﬁﬁgo??zé?c?clb@ aodfeulifglyBi Tsy sheltingnduces

alloy brittleness. For eX atigue life and plastici té of an
al | oy (&3p8Gndfe, BaHiR. stigigh, larl fatigtie SfeloPknyraseldeadbel 96.5803r09138%
hi gher than an alloy (90.5Sn/1.7Cu/4.7Ag/ 3.1 Bi) at 4.7%Ag. The content of
2. 5% Agre £24°Gi ab Mine eodpt1B6i eyeles, B!Yf ati gue resistance. Bel ow 2.5%

the fatigue resistance is | owered, For, ex fiat.kL; ' of

al l oys 93.3Sn/ o.'B?:BY%‘%EPA&‘@.”WHSP'%@”QQ.O%gﬁ‘#’%t%% 3.@&%‘%?‘?"&?“3&

91.58n %&%—3 : ' 630 238% YaiRne 138 at% blghtesintdfaat t hat of
an al I%?)y %ﬁq{%%é%gi%?) at %%%ig@CHygﬁve%{q in any other systens
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internetallic conpound or even AgSnln ternary inter allic. .Therefore, the
maxi nuef dstwvesn apound 7i5n8fa¢1y215fﬁePf@?ﬁﬁﬁdesgyﬁ‘hﬁﬂgﬁg F’HdcaquH'é{ugl | oned to
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For exanpl e, at1n3§1§rez§’ﬁ§%@§lﬁddﬁ}aeh€mﬁé@ﬁwrﬂiont keerpliaptavidéy achbider  al | oy
g/ 12/.5Sb) 1|

(84 Sn/.5 Cu/ 13 I's 131 % higher than an alloy (81.1 Sn/1.7
Cu/ 4. 7 aliégLbAtdimihgatSut 87H% Srefleb%nCe, dfpbgesnd 8% Ins g pbehat Rat t he

R TN T R B T i
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invention is 470% higher than that of 635n/37Pb, and the tensile strength is 134%

higher than that of 635Sn/37Pb.

In one preferred embodiment of the invention, there is provided a
solder alloy containing about 85.4% Sn, 0.5% Cu, 4.1% Ag and 10% in. The alloy
has melling temperatures from about 194°C to 199°C. The tensile strength and
fatigue life of the alloy are 66 MPa and 17378 cycles, respectively. The fatigue life
of this invention is 476% higher than that of 63Sn37Pb, and the tensile strength is
140% higher than that of 635n/37Pb.

H In another preferred embodiment of the invention, there is provided a
solder alloy containing about 84% Sn, 0.5% Cu, 3% Ag, 0.5% Sb and 12% In. The
alloy has melting temperatures from about 186°C to 196°C. The tensile strength
and fatigue life of the alloy are 58 MPa and 12345 cycles, respectively. The
fatigue life of this invention is 338% higher than that of 635n37Pb, and the tensile
strength is 123% higher than that of 635n/37Pb.

In another preferred embodiment of the invention, there is provided a
solder alloy containing about 82.3% Sn, 0.5% Cu, 3% Ag, 2.2% Bi and 12% In.

The alloy has melling temperatures from about 183°C 1o 193°C. The lensile

strength and fatigue life of the alloy are 77 MPa and 8722 cycles, respectively.




99.3Sn0Q 7Cu are 227C, 24 MPa and 1125 cycles, respectively. The nelting
" tenperature, tensile strength, and fatigue |ife of known sol der al lLogy, 96.5
Sn3.5Ag are 221 C, 35 MPa and 4186 cycles, respectively. The pres AP 20%
inventive solder alloy denonstrates a tensile strength of at |east 50 Mra,
preferably 60 MPa; a lowcycle fatigue life at 0.2% strain of at | east
about 5,000 cycles, preferably about 10,000; a solidus nelting tenperature

of bet - .prete Ly | i Al L.i.,qui dus
el g Coanarelie dRs Buehitn Sesel B A SR R e
210C.  lensiepnerpty mwmgmﬂma@fmbh@f@sm@mmn, there is provided a

sol der alloy containing about 87.4% Sn, 0.5% Cu, 4.1 % Ag and 8% In. The

all oy has a mitenather erptereadiembbdoneritad die Iveotion, YBIe G PTHECE@Asi | e

t th and fati Lif f I 3 MP . 17152 | es,
O R b o e T s Rt BB AL S SRR R ¢ v
f 63S rﬁ’pﬂeq ' b&~ 1349 i f

gSSn/ 1:%%@@3%% on%ﬁ"g‘% eﬁ@lr?‘féeﬂdﬁj et%?ﬁ?@ﬁ%?{l Qﬁ%' ?ﬁee/q?rﬁlg\}%ﬁfeo,wtaﬂaeﬁt%% provi ded

a sol dfrofahkayiop@né BOMPg AP 38 oydes SespOctbisiyuThd fati§osAdfeanfdh®0% i n.
The alloy has nelting tenperatures from about 194C to 199C. 'Th§ pensile
st r engtrveatian ig 323%Juaner hapithehel 63303/ P, @ngdhatansliesstiensra icy P és

respect.j.vel The . f ati ife of this invention is 476% hi gher than that
of GBSh%B?{h%nng%tﬁszgﬁzq-}lﬁeg'strength is 140% hi gher than that of

633Sn/ 37Pb. I n anehBfer prefepfdPEmpabpatMEiTtthe invditionnusntiiopsotidedea i s
provided a solder alloy containing about 84% Sn, 0.5% Cu, 3% Ag, 0.5% Sb

and 129slder alfiecortpingyy akeutrl. ¥ngn: @AfeCut 4 ¥ Aorasd 4B%un. 18BN 196C,
vl eahs edpliod bangerafite i ePf 4 EaSaa T &9 A RTS8 S G0, Gher
o B3SRBS o e P aent o The [ nvent Lon 1 here 15
provi detitrés irsehtiem iss218% gt rihanrgala GRS re7 PBYEsd the iEwsilesiresming, 2. 2%
tal angd, dg”iRer than that of 638n/37Pb.

Instant flow and sound bonding occurred in each of the above
embodiments as evidenced by wetting balance tests (Fig. 1), surpassing the
requirements in wetting ability in reference to the industry standards, such as
American National Standard Institute, ANSI-STD-002 and ANSI-STD-003. The
wetting flux was a non-activated rosin or a mildly activated rosin or a nolean flux.

Welling ability in reference with ANSI-STD-002 and ANSI-STD-003,
wetting force at 2.0 second (F1) and at 5.0 second (F2) shall exceed 4.809 mN and

wetting time (t2) to reach 2/3 maximum wetting force shall be no more than 1.0

second. Area of dewetting shall be less than 5%. As an example shown in Figure

1, the solder alloy of this invention composition
I 82.3%Sn0.5%Cu3%Ag2.2%Bi12%In demonstrated
F1=5.88mN
F2=6.10mN

1,3=0.72 second

dewetling=0%
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The alloy has nelting tenperatures from about 183C to 193C. The tensile

" “strength and fatigue life of the alloy are 77 MPa and 8722 cycles,_

respectively. 9 0 5 ARR 204' The fatigue life of this invention U9 475048

hi gher than that of 63Sn37Pb, and the tensile strength is 164% hi gher than
that of 63Sn/37Pb. In another preferred enbodi nent of the invention, there
is provided a solder alloy containing about 92% Sn, 2% Cu, 3% Ag and 3%
Bi. The alloy has nelting tenperatures from about 2090C to 21211C. The
tensile strength and fatigue |ife of the alloy are 89 MPa and 8135 cycl es,

respectively. T§$F%§§igue life of this invention is 223% hi gher than that
of 63Sn37Pb, an Qvenierrdreg seldst Blloxs afdes InMeRliRt CamBR ArRRgregrat

63Sn/ 37 r g Hodi t. of EMs\V/ j: is
pr ovi den ol TRRE of BIE IO CLARIMUCRY cilers) iiing EPhAGNes WIBHA  °

12% | n. inTthe aat.| Dyie diags aanedléo be Jseananativns phiysiasiblots sLBheE pastd950C, and
the tensile strength and fatigue life of the alloy are 56 MPa and 7, 950
cycl es, PPWEBE:thare|3nd Wiees af iigurny solderiog Rriecesses SHEN ot6 el @MERI gher

of 635t J9BHN8 YA A e Bl PR B0 R g Beetne o T oA SFFRe bove
enbodi nesizafisn 8Vt @R0RFIdUS d&Idditeh Bal @BSEnd esdrnidlidg. 1), surpassing the

requirenents in wetting ability in reference to the industry standards.
such as Aneri c¥dhiNathe malenSoartusr de¢msiescriber wiNSesgECk @0its areferred

ANSI - STD-003- T . ti fl -activated r.osj. 1| dl

cti vat BHOPOLTANS, 1 & IRbEresh SiPaY e FH S rtgoT o R e nened it

ANSI - SThb e Ah MR (oIS D 3kille¥Bht thBJark OT Fise %r_%g%gf%%ﬂ]@sdr@ ik @d at 5.0
second (F2) shall exceed 4.809 mN and wetting ti (tm to reach 213

maxi nunnigstdechgr foobe ecsbtalidd be limdt therseopba tHe wesBoorereldy.ea of dewetting
shall be less than 5% As an exanple shown in Figure 1 , the solder alloy
of this invention conposition
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82. 3%6n0. 5%Cu3%Ag2. 298112% n denonstrated F1 =5.98mN F2=6.1 OM t2,3=0.72
second dewetting=C% 10 0 5 APR M 94' The above | ead-free sol der alloys of
this invention can be prepared at the nolten states of the major
constituents by general heating techniques known in the art. Thegg I Pgﬁ
can al so be used in i@{Mus physi cal forms such as pastes, powders Qé
and wires or in anyC r'i ng processes such as reflow oven sol dering,
wave machi ne sol dering and hand soldering or in "any materials fabrication
such as various deposition and coating techniques. Wile the invention has
been descri bed Anead-freespleet allay dohsistrgedseentiatly of 8biedd 902868n,i(L2%30t 0 be

under st ood t ha cations thereof will becone apparent
to those skill ds\é’%rdul? hé%ﬁfg%figﬁﬁi%é?ﬁ “dndaype gliuidus malting nt ended or
to be construe@er;Aﬁkrgﬂufggelé‘p%b&g gsccof the invention hereby. | 11 05 APR

2004 CLAIM ead free solder alloy consisting essentially of 81%to
90.2% Sn, 0.2%to .5% Cu, 3.6%to 4.5% Ag and 6%to 12% I n having a

consi S??ngeés én{eﬁéff'{% cxfoygiondeing, Somsaly ot 350 1elo %0 oSl 25856 1 o 4. 5%

Ag and 6% to 13%sh cula%big @s%l&gﬂf@ﬂ@hﬁ%ﬁghamgasﬁ f %# W about
215C. 3. A lead-free sol der | oy consisting essentia 0 /oto 89. 9%

Sn, 1.6%to temperature below about 215°C.
3. A lead-free solder alloy consisting essentially of 81% to 89.9% Sn, 1.6% to
2.5% Cu, 2.5% to 4.5% Ag and 6% to 12% In having a liquidus melting

temperature below about 215°C.

4. The lead-free solder alloy of claim 1 consisting of 82.5% to 90.2% Sn, 0.2% to
1.0% Cu, 3.6% to 4.5% Ag and 6% to 12% In.

5. The lead-free solder alloy of any one of claims 1 to 4 including up to 8% In

6. The lead-free solder alloy of claim 1 or 4, wherein the solder alloy
composition consists of about §7.4% Sn, 0.5% Cu, 4.1% Ag and 8% In.

7. The lead-free solder alloy of claim 1 or 4, wherein the solder alloy
composition consists of about 85.4% Sn, 0.5% Cu, 4.1% Ag and 10% In.

8. The lead-free solder alloy of claim 1 or 4, wherein the solder alloy
composition consists of about 83.4% Sn, 0.5% Cu, 4.1% Ag and 12% In.

9. The lead-free solder alloy of claim 1, wherein the solder alloy composition

consists of about 82.4% Sn, 1.5% Cu, 4.1% Ag and 12% In.

10. The lead-free solder alloy of claim 1 or 3, wherein the soider alloy

composition consists of about 86.1% Sn, 1.6% Cu, 4.3% Ag and 8% In.

12




2.5%Cu, 2.5%to 4.5%Ag and 6% to 12%In having a |iquidus nelting
tenperature bel ow about 215C. 4. The | ead-free solder alloy of claim!]l
consisting of 82.5%to 90.2% Sn, 0.2%to 1.0%Cu, 3.6%to 4.5% AgUéJrv&Ps'?GZBGd
to 12%1In. 5. The lead-free solder alloy of any one of clains 1 to 4

including up,t0.,8%In.6. The |ead-free_solder alloy of claiml or 4,
wherein t he E‘oﬁ&*\&r{eﬁjﬁsﬁ/s‘i%ﬁb%ﬁ?]@m 3 onbsreindhesoldesailey somposim 0’ 5% Cu,
4.1 % Ag and 8%hdists bf atldie shHash buee Idopy, Of claiml or 4, wherein
t he sol der all oy corrp?)si tion consi sltl’zﬁ)g?‘eg; guét/%)&?j. 4% Sn, 0.5% Cu, 4.1 % Ag

and 10%In. 8. The |ead-free solder alloy of claiml or 4, wherein the
sol der al |l oy osjtion,consists of about 83.4% Sn, 0.5% Cu, 4.1 % Ag and
12% I n. 9. ﬁ?e%?]ggﬁﬁdffr%eeso ‘?cﬂra@?y 845?]6‘91 gpr &4 wherein thevpldesialoy he sol der al | oy

conposi ti on CQBﬁlb%éiﬁoﬂf:m%%@éJ&fa%gut“é)@.ﬁ)@ﬁnlﬂg\g,/\/ﬁ]@d;4.fl%1 %%&9’(%9. 12%In. 10.
I ereint sol d

The | ead-free solder alloy of claiml or 3, er all oy
conposition consists of about 86.1% Sn, 1.6% Cu, 4.3% Ag and 8% In. 12 0 5

AP? 20?" 11.,.The, | ead-free | der .all oy of. ¢l ai rein the sol der
al | oy conposixt ?bﬁag-?r&ﬁg?l‘é%ﬁ&y Cgﬂﬁﬁln%‘%’”%@ﬁﬁy Qg/g%g% %g]/()%;ﬂ?}’ gzﬁ‘d“é% fi8. 12.
The | ead-free gpddeyimal l oy of claiml or 4, wherein the sol der alloy

conposition consists of about 88.4% Sn, 0.5% Cu, 4.1 % Ag and 7% In. 13. A
| ead-free solder alloy consisting essentially of 88.4% Sn, 0.5% Cu, 4.1 %

Ag and 7% In. 14,44 -fr ol.der al | COPSiSti entially of 79%
to 91.3% s%,lqo.”‘z'?/?? ?eegglg%%@? °§9%%‘)’180‘35§1‘?“§'¥%1YA8?§%&‘? gg-ig"f/?’f’:b;i%ﬁﬁ 0% to 2%
Sb having a | 2% Qus2.584 fol NEPstianees @t 1296 I ehewosew, 8 Bevinga. The

| ead-free solder alloy of claim14, wherein the solder alloy conposition
consi sts of ablavidgavicking temperainie bedoy Agout2165G.n and 0. 5% Sh.

15. The lead-free solder alloy of claim 14, wherein the solder alloy composition

consists of about 84% Sn, 0.5% Cu, 3% Ag, 12% In and 0.5% Sb.

16. The lead-free solder alloy of claim 14, wherein the solder alloy composition
consists 'of about 82.5% Sn, 0.5% Cu, 3% Ag, 12% In and 2% Sb.

17. A lead-free solder alloy consisting essentially of 76% to 90.8% Sn, 0.2% to
2.5% Cu, 2.5% to 4.5% Ag, 6% to 12% In and 0.5% to 5.0% Bi having a

liquidus melting temperature below about 215°C.

18. The lead-free solder alloy of claim 17, wherein the solder alloy composition

consists of about 79.5% Sn, 0.5% Cu, 3% Ag, 12% In and 5% Bi.

19. The lead-free solder alloy of claim 17, wherein the solder alloy composition

consists of about 82.3% Sn, 0.5% Cu, 3% Ag, 12% In and 2.2% Bi.
20. A lead-free solder alloy consisting essentially of 74% to 90.8% Sn, 0.2% to

2.5% Cu, 2.5% to 4.5% Ag, 6% to 12% In, 0.5% to 5.0% Bi and >0% to 2%
Sb having a liquidus melting temperature below about 215°C.

13




S
16. The lead-free solder alloy of claim 14, wherein the solder alloy
conposition consists of about 82.5% Sn, 0.5% Cu, 3% Ag, 12% I n and 2% Sb.

17. A lead-free solder alloy consisting essentially of 76%to 90. @%,ﬁmgggd
0.2%to 2.5%Cu, 2.5%to 4.5%Ag, 6%to 12%In and 0.5%to 5.0% Bi havi ng

a |iquidus msl ting tenperature bel ow about 215C. 18. The | ead-free sol der
al l oy of cl atmA¥eaddrrerselder ehey comsstng asserfiplly 88% toi968% San@ Y%t of about
79.5% Sn, 0.5% 9 %,/ % Bi « - The. | -free sol der all oy
of claim 17, i G é%?‘éﬁé/"rﬂé?ﬁ‘g?g&ﬁ’psogﬁ%?f?‘ohlm‘”@&ﬁ%q’s‘é‘és §1808 our 82, 306
Sn, 0.5% Cu, 3%mperati2®bdlowaabdut213% Bi. 20. A | ead-free sol der alloy
consisting essentially of 74%to 90.8% Sri, 0.2%to 2.5%Cu, 2.5%to 4.5%
Ag, 6%to 12%In, 0.5%to 5.0%Bi and >0%to 2% Sb having a |iquidus
melting tenp Nne. P : AR ; -free
sol der all Oy_@%?ﬁ%]ﬁdﬁﬁ%@%&gé&éﬁ?{ P%ﬁ#égg? %g’g‘&]%%ﬂggé. %&?%r?ﬁ%c%ﬁsggo . 5% Cu,

2. 5% to 3.5% Agonsists 0f B86utt §3 390940, 8).5% i, Ad Ya Algiagdi3dids Biel ti ng tenperature
bel ow about 215C. 22. The |l ead-free solder alloy of claim?2l, wherein the
sol der all oy conposition consists of about 93.3% Sn, 0.5% Cu, 3.1 % Ag and
3.1 % Bi. 23 j Lh.Lhe, sol der

al | oy corrposiz%‘;ﬁg% ]éﬁf#ﬁ f»so?ger?%lbggi;ﬁltﬁ i%g&@erggﬁé&&%& QE%QO %@?‘Bl . 24.
The | ead-free sohssts ohhbhay 98% Wi, AbMCR.13% vieeandid% Biie sol der al | oy
conposition consists of about 92.2% Sn, 1.5% Cu, 3.2% Ag and 3.1 %Bi. 25.
The | ead-free solder alloy of claim21, wherein the sol der alloy

conposi ti on 24 0gileddsired sod@WlloP bf Si%nSP1, wir&H theSsof¥ér AflopBéinposhtidh Bi . 14
consists of about 92.2% Sn, 1.5% Cu, 3.2% Ag and 3.1% Bi.

25. The lead-free solder alloy of claim 21, wherein the solder alloy composition
consists of about 91.5% Sn, 2% Cu, 3.4% Ag and 3.1% Bi.
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