1. DESCRIPTI ON OF | NVENTI ON "I MPROVEMENTS | N OR RELATI NG TO SOLDERS" THI S
| NVENTION rel ates to solders, and in particular, to solders which are
substantially | ead-free. Many conventional solders contain |lead as a ngjor
constituent thereof. Such solders often have desirabl e physical
properties, and the use of |ead- containing solders is w despread

t hr oughout several industries, including those concerned wth the
production of printed circuit boards$, For exanple, a solder containing a
63%tin and 37%lead is commonly used in wave-sol dering processes.
However, there are increasing demands for |ead-free sol ders, due, for

exanple, to i i tions, and it seens |likely that, within
the next fﬁ%ﬁf@f@#%ﬁﬁ@gﬁ@gm requi renent in several countries
for solders wused in the manufacture of many itens to contain little or no
| ead. Previous attenpts to fornmulate | ead-free solders have net with
limted success. Conventional |ead-free solders generally have undesirable
physi cal properties, including poor wetting properties, low fluidity, poor
conpati bi | i tyYMPROVEMENTSIN ORAENLA TANG TQS@LDERS?sSi ve drossing. A
particul ar probl em which has been recognised in the use of |ead-free
solders is the issue of fillet [lifting, where a fillet of solder at the
edge of a through-plated hole in a printed circuit board tends to separate
fromthe underlying material, for exanple, a nickel/gold coating. Another

bl [ f - f | d tend t.0 . h hi gh, di | uti
ate for cobbs PEYENEONRTuH FEsPRliahd fE Rueralistostadubh iR 17 om
conponent s @mdtFitfaAYiltaff@eds in contact with the sol der.

Many conventional solders contain lead as a major constituent thereof.
Such solders often have desirable physical properties, and the use of lead-
containing solders is widespread throughout several industries, including those
concerned with the production of printéd circuit boards. For example, a solder
containing a 63% tin and 37% lead is commonly used in wave-soldering

processes.

However, there are increasing demands for lead-free solders, due, for
example, to environmental considerations, and it seems likely that, within the
next few years, it will be a legal requirement in several countries for solders

used in the manufacture of many items to contain little or no lead.

Previous attempts to formulate lead-free solders have met with limited
success. Conventional lead-free solders generally have undesirable physical
properties, including poor wetting properties, low fluidity, poor compatibility

with existing component coatings and excessive drossing. A particular problem



As a result, sone manufacturers are finding that existing soldering
processes which have functioned effectively for many years nust now be
significantly adapted to accommobdate the use of |ead-free solders. In
addition, the existing materials that are enployed in the production of
printed circuit boards may have to be replaced in order to be conpatible
with the use of |ead- free solders. This adaptation of processes and
materials is widely regarded as a poor dse of resources, particularly as

t he standard ,of, arti,cl es manufact ur,ed usj known | ead-free solders is, as
i ndi cated ab 8},16}@5 tbeer?ncrgﬁ%q’q&@?cgg} f}]eb}-ﬁeoﬁ}- ﬁ]ﬁ’t%l‘ilaf;P €& Pldstrals) ‘i‘edéffq’?g(’fe fiflet
convent i onaljjfigadgHe 504 @88 of LE1dks ohj.ec . i pvention,to
provi de a Ielad-‘?’r eeesol ggre Owh?g'ﬁ ?gﬂ]aeb eg%t(%)f a(s){ehrlbgg}i faZé%%)IGe lglrgiggélgechi rect
substitute tocutdsmedttiendalo |sepsrates Grindithe ngdeAl BRY fatMBOTSH B@Anipld M one
aspect of the present invention, there is provided a substantial Py

| ead- f ree soidksl/gebhpeatgigngAnpthemmebem tsotheXagoshat headft fremsoRlebdtdml th 5%
silver; froH1 2.0%.t0 6.0% j ndi ur’r¥ and fromQ.3%to 1.0% copper. A solder
embodyi ng t A&YS ﬁé’é%#i dEsoliipngiate fr ApPRE SSouhab cappestis dachgd intogthiedaad- or
anti - ski nni i Li SPhor.qus Qr. anot her .non- allic
conpound orﬂg %%Hﬁ%.fyqqﬁ Cg%g):&gggtrslr%@ %@6@?%& m ?%a‘géﬁ'@é&ec i ses 91. 3%
tin, 4.2%silver, 4.0%indiumand 0.5% copper. In another preferred

enbodi ment, the solder. conprises 91.39%tin, 4.1% silver, 4.0% i ndium
0. 5% copper and @504 fésphospher euswficnuenotderfigdipg cthadfexidtgpseRiiing
invention, there is provided a nethod of preparing a substantially

| ead- free sBIOSE$SES W s funetignash effecvely nfprt mapy years must now be

significantly adapted to accommodate the use of lead-free solders. In addition,
the existing materials that are employed in the production of printed circuit
boards may have to be replaced in order to be compatible with the use of lead-
free solders. This adaptation of processes and materials is widely regarded as a
poor use of resources, particularly as the standard of articles manufactured
using known lead-free solders is, as indicated above, often considerably below

that achievable using conventional leaded solders.

It is an object of the present invention to provide a lead-free solder

which is able to serve as a more or less direct substitute for conventional lead-

containing solders.

Accordingly, in one aspect of the present invention, there is provided a
substantially lead-free solder comprising: from 88.5% to 93.2% tin; from
3.5% to 4.5% silver; from 2.0% to 6.0% indium; and from 0.3% to 1.0%

copper.

A solder embodying the invention may also comprise up 0.5% of an
anti-oxidant or anti-skinning additive, such as phosphorous or another non-

metallic compound or element.



silver, indiumand copper such that: the proportion of tin in the solder is
from 88.5%to 93.2% the proportion of silver in the solder is from3.5%
to 4.5% the proportion of indiumin the solder is from2.0%to 6.0% and
the proportion of copper in the solder is from0.3%to 1.0% A nethod of
preparing a solder, in accordance with the invention nmay conprise
including up to 0.5% of an anti-oxidant or anti-skinning additive in the
sol der m xture. A preferred nethod of prgparing a solder in accordance with
the invention conprises the step of mxing tin, silver, indiumand copper
such that: the proportion of tin in the solder is 91.3% the proportion of
silver in the solder is 4.2% the proportion of indiumin the solder is
4.0% and the priopoprefemedembogiesnt the srdderotateprises Vl.5% timndLbresilver,
preferred rretgood f pragﬁz)rio g a solder in accordance with the invention
conpri ses t Ke é’t‘é‘a‘ |~?18’ GOPRT-si | ver, indium copper and phosphorous
such that: the proportion of tin in the solder is 91.39% the proportion
of silver in the solder is 4.1% the proportion of indiumin the 4 solder

is 4.0% the propRLhbAfer piefeRBRRMEJNIMBRL $19¢ St éorﬁ?é%s FNgodden, 4.1%
proportion of phosphorous in the solder is 0.01% A Turther aspect of the

present i nveiiténd. @Sroandaes (asSHetdpper ahd H00 Weérphogphoroaspri sing the step of
using a substantially |ead-free solder conprising: from 88.5%to 93.5%
tin, from3.5%to 4.5%silver; from2.0%to 6.0%indium and fromO0.3%to
1.,0% copper. Preferaply, th t hod conprises the step of, ysing.a solder
corpr 1 51 ng. o1, 90 anAtek asRgeE of Far breAEBbIY i i LA 6 308G g etiod of
preparing a substantially lead-free solder, comprising the step of mixing tin,
silver, indium and copper such that: the proportion of tin in the solder is from
88.5% to 93.2%; the proportion of silver in the solder is from 3.5% to 4.5%;
the proportion of indium in the solder is from 2.0% to 6.0%; and the

proportion of copper in the solder is from 0.3% to 1.0%.

A method of preparing a solder in accordance with the invention may
comprise including up to 0.5% of an anti-oxidant or anti-skinning additive in

the solder mixture.

A preferred method of preparing a solder in accordance with the
invention comprises the step of mixing tin, silver, indium and copper such that:
the proportion of tin in the solder is 91.3%; the proportion of silver in the
solder is 4.2%; the proportion of indium in the solder is 4.0%; and the

proportion of copper in the solder is 0.5%.

Another preferred method of preparing a solder in accordance with the
invention comprises the step of mixing tin, silver, indium, copper and
phosphorous such that: the proportion of tin in the solder is 91.39%; the

proportion of silver in the solder is 4.1%; the proportion of indium in the



Conveniently, the nethod conprises the step of using a solder conprising
91.39%tin, 4.1%silver, 4.0%indium O0..5% copper and 0.01% phosphorous.
Advant ageously, the nmethod conprises the step of wave-soldering using the
substantially | ead-free solder. In order that the present invention may be
nore readily understood, exanples thereof will now be described, by way of
exanple, with reference to the acconpanying draw ngs, in which: FIGJRE 1
is a table of wetting times, in seconds,4at a variety of tenperatures, for
a selection of different solders, including a solder enbodying the

i nvention; BoldeRHS24i080a the aphpe@ionr eprepat ani dre 6pldehelsdBO&; angr Bsed in

the table of Figure 1; 5. FIGURE,3 is a.t g, of maxi numwetting force, at
a variety oPrQ@f%@P&fméPhQTBPS glgxgsgi(iqrdﬁggil i fferent sol ders, including
a sol der enbodying the present invention; FIGJURE 4 is a graphi cal

representation of the data expressed in the table of Figure 3; FIGURE 5 is

a table show ng phngtitlasps@Rehd presehtiaheili Ao pidiedesconlcthad @ﬂ_t,olaériﬁ?,er nal
expansion, of a selection of solders, including a solder enbodying the
present i nveotnipeising=hEUREp 6fiusirg grsapstacadlly dadelensaldenconfprising: tihemnal
expansi on dat a expge%sed in the table of Figure 5 FlI GUREO7,i§, a table of
mechani cal BB &%ere P8s>eithg Ifim Agd dAd 1% shvenigem 2.0% to 6.0% indium; and

from 0.3% to 1.0% copper.

Preferably, the method comprises the step of using a solder comprising

91.3% tin, 4.2% silver, 4.0% indium and 0.5% copper.

Conveniently, the method comprises the step of using a solder

comprising 91.39% tin, 4.1% silver, 4.0% indium, 0.5% copper and 0.01%
phosphorous.

Advantageously, the method comprises the step of wave-soldering using

the substantially lead-free solder.

In order that the present invention may be more readily understood,
examples thereof will now be described, by way of example, with reference to

the accompanying drawings, in which:

FIGURE 1 is a table of wetting times, in seconds, at a variety of

temperatures, for a selection of different solders, including a solder embodying

the invention;

FIGURE 2 is a graphical representation of the data”expressed in the
table of Figure 1;



and yield strength, for a selection of different solders, including a

sol der enbodying the present invention; FIGJRE 8 is a graphical
representation of the tensile strength and yield strength data expressed
inthe table of Figure 7; FIGJRE 9 is a table of results obtained in fillet
lifting tests conducted on a selection of different |ead-fiee solders,

i ncl udi ng a sol der enbodying the present invention; FIGJRE 10A and 10B are
two pairs of mcrograph inmages on two dbfferent scales, which pairs of

i mages respecti Vﬁﬁ' how fillets of the solder enbodying the invention
adhering to nickell anth EsE®adl A yWRHINgcEHEENGS dnvalddpppkr

o vari oud rpetish e RN CHRREA S Puldis b ablk Bl e

present inv%g@géntiﬁb%;IZ is a graphical representation of the data
expressed in the table of Figure 11; and FIGURE 13 is a table showi ng the

| evel of drossing exhibited by various solders, including a | ead-free

sol der enbodyi ng _the present invention. As described above, conventi onal

| ead-free sol der §IGUHEr4 iy engephisahirepgsenipaex of thacdatdi exprpssed methe ng
properties, low fluidity, poor conmpatibility wth existing conponent

coat i ngs, fFﬁﬁ%ngﬂﬁPFéé, hi gh copper dissolution rates and excessive
drossi ng when conpared with conventional solders containing |ead. However,
it has now been found that a sol der enbodying the present invention and

conposed of a |egisUree &l 0w capRr shbWehd s8] SffobertR3; 2Hcluding the
coefficient of thermal expansion, of a selection of solders, including a solder

embodying the present invention,;

FIGURE 6 is a graphical representation of the thermal expansion data

expressed in the table of Figure 5;

FIGURE 7 is a table of mechanical properties, including tensile strength
and yield strength, for a selection of different solders, including a solder

embodying the present invention;

FIGURE 8 is a graphical representation of the tensile strength and yield

strength data expressed in the table of Figure 7;

FIGURE 9 is a table of results obtained in fillet lifting tests conducted
on a selection of different lead-free solders, including a solder embodying the

present invention;

FIGURE 10A and 10B are two pairs of micrograph images on two
different scales, which pairs of images respectively show fillets of the solder
embodying the invention adhering to nickel/gold and OSP coatings (polymer

coatings on a copper substrate);



tin, from3.5%to 4.5%silver, from2.0%to 6.0% indium fromO.3%to 1.0%
copper and up to 0.5% of an anti-oxidant or anti-skinning additive, such as
phosphorous or anot her non-netallic conpound or el enent, possesses
significantly inproved properties when conpared with known | ead-free

sol ders. Indeed the properties of solders enbodying the present invention
are conparable to conventional sol ders gontaining | ead as regards
wettability, fluidity, conpatibility wi Ph existing conponent coatings,
fillet lifting, copper dissolution rate and drossing. In order to
denonstrate the advant ageous properties of solders enbodying the present

invention, five FeSURMENEs aatbleafiotttg tiasdiebditiBe rate ofREFperIALh PAHOWY
These tests were carried out on a preferred enbodi nent of the sol der of
t he present typesexftsobderyinicbiding aHeacgifme saldee dmbloid@ing3uhe pacstnt oomeptioBES
91.39%tin, 4.2%silver, 4,0%indium O0.5% copper and 0.01% phosphorous.
Test 1. Wetability The first test concerned the wetability of a sanple of

t he sol der enbody/ resent, -iopvent i S ar. 0 _sanpl.es,,of a
sel ection of kng%ﬁ{bg%ﬁf g?r f;g Eéﬁ@pgﬁﬁe’gﬂ%&%@%ﬂ% iﬁgweeg%gf%@ée?gﬁdgr tsheand a
conventi onal,Hi£gfFikRENUAI Njpag sol der. The nine known sol ders were as
follows: 1. A lead-tontaining solder of the conposition: 63% Sn; 37%D, .

2. Afirst lead-free solder of the conmposition: 99.3%bn; 0.7%u. 3. A
second | ead-free solder of the conposition: 96.5%n; 3.5Ag. 4. Athird

| ead- free sol der F{GERA A3 exn tadde vhemwerthelgyelgsf drhesing exhibited by various

solders, including a lead-free solder embodying the present invention.

As described above, conventional lead-free solders suffer from several
drawbacks, including poor wetting properties, low fluidity, poor compatibility
with existing component coatings, fillet lifting, high copper dissolution rates

and excessive drossing when compared with conventional solders containing

lead.

However, it has now been found that a solder embodying the present
invention and composed of a lead-free alloy comprising from 88.5% to 93.2%
tin, from 3.5% to 4.5% silver, from 2.0% to 6.0% indium, from 0.3% to 1.0%
copper and up to 0.5% of an anti-oxidant or anti-skinning additive, such as
phosphorous or another non-metallic compound or element, possesses
significantly improved properties when compared with known lead-free
solders. Indeed the properties of solders embodying the present invention are
comparable to conventional solders containing lead as regards wettability,
fluidity, compatibility with existing component coatings, fillet lifting, copper

dissolution rate and drossing.

In order to demonstrate the advantageous properties of solders

embodying the present invention, five tests were carried out, as will be



conposition: 88.3%bn; 3.2%Ag; 4.5%8Bi; 4.0%n. 5. Afourth |ead-free sol der
(herein called VIROVET 411) of the conposition: 92%bn; 2% Cu; 3%Ag;, 3%8i .

6. Afifth |ead-free solder (herein called VIROVET 513) of the

conposition: 92.8%bn; 0.7%u; 0.5%Ga; 6% n. 7. A sixth |lead-free sol der of
the conposition: 93.5%n; 3.5%Ag; 3.0%Bi. 8. A seventh |ead-free sol der of
the conposition: 95.5%Bn; 4.0%\g; 0.5%u. 9. An eighth | ead-free sol der of
t he conposition: 96.0%n; 2. S%Ag' 1.09B/; 0.5%Cu. 8 A first aspect of the

first test C%gpﬁ?&? efd&:? MEAsY een decatlt??d‘%ttoh”eg déera{:dté%?l?dq%%n g?l ety

ANSI/J Std- he 3ol ders under cons i on

of tenperat yhgSol@9bNethd peFerRBMvention2688ich id Refelt Tall€StALBO B BRO ARy Of
copper was inmersed in a quantity of each nolten solder. A sensitive force
measuri ng devngeiseasd Ldfnecmedt.2% sheercohPlr isgieni, ned% andpermandn@©d 6o
that vertical forces on the specinen could be neasured and recorded. The
vari ation i PhoRBhQIERSi cal force upon the copper specinen during inmersion
thereof in the nolten solders is due to two main factors. The first of

t hese, the buoyancy force, arises fromthe upward force exerted on the
speci men d“efetsf’ltﬁf‘et%?lﬁﬁg acenent of solder, which is equal to the wei ght of
sol der dis peci men. Since the vol unme of the part of the

speci nmen that was i mMmersed in the solder, and the density of the sol der,

are known, this upward force can be cal cuI ated and taken into account.
The first test concerned the wetability of a sample of the solder

embodying the present invention, as compared to samples of a selection of

known solders, namely eight existing lead-free solders and a conventional lead-

containing solder.

The nine known solders were as follows:

1. A lead-containing solder of the composition: 63% Sn; 37%Pb.

2. A first lead-free solder of the composition: 99.3%Sn; 0.7%Cu.

3. A second lead-free solder of the composition: 96.5%Sn; 3.5Ag.

4. A third lead-free solder (herein called VIROMET 217) of the

composition: 88.3%Sn; 3.2%Ag; 4.5%Bi1; 4.0%In.

5. A fourth lead-free solder (herein called VIROMET 411) of the
composition: 92%Sn; 2%Cu; 3%Ag; 3%Bi1.

6. A fifth lead-free solder (herein called VIROMET 513) of the
composition: 92.8%Sn; 0.7%Cu; 0.5%Ga; 6%ln.

7. A sixth lead-free solder of the composition: 93.5%Sn; 3.5%Ag; 3.0%Bi.

8. A seventh lead-free solder of the composition: 95.5%Sn; 4.0%Ag;
0.5%Cu.

9. An eighth lead-free solder of the composition: 96.0%Sn; 2.5%Ag;

1.0%B41; 0.5%Cu.



The second factor is a force acting on the specinen due to the change in
contact angle between the surface of the solder and the surface of the
specinen. The wetting tine in each particular case was defined as the tine
taken for the wetting force acting on the specinen to be equal to zero.
The results of the first aspect of the first test are shown in Figure 1. In
summary, the sol der enbodying the present invention exhibited a wetting
time, at each of the tenperatures, t hat Swas conparabl e to that displayed

e noCr e oAl 8L ANHR AL e S AR iscli I Aher A2 (R0 \AFHing

enbodyi ng the present I'nvention imewh

general |y | apge, b4ved dntat ANSBPReYed3 Byandayd, 9br Hﬁesoq)deh?hnh@l%rfs'i&?aﬁé‘ﬁ ders.
The wetting tine is a measure of the rapidity with which a sol der adheres

to a substartey vandtycbaethperatirowramghgifmgmt 23 Cstoa288sCr abh ehisr taeray f or
a solder. Hence it can be seen that the 9 sol der enbodyi n? t he Eresent
i nventi on pSPEGIREY ObEOPRET ASrigLNersadtiRea fquagfity #%mach wpltemesoldarst A est

e o obhgte SRR ARk g IS L Sl bihad fa e

seen from ! hisnBeaply WhA! VARl GRS o el Splliied c&prgog@nfn%g@@&%oof the

conventi onal der containing |lead and the e present

i nvention feétdsrde@ach other quite closely mhen conpared to those
representing the performnces of the other |ead-free solders. A second
aspect of the first test conprised t he neasurenent of the maxi numwetting

force at 2.0 secqpds after rsmngégf t he specinmen in the  respective
sol ders. The wet til{fg Vel |“% 16 svegedly fHeR UpoBvEC EPRPEAGIRESITEN |

ssetar %Qfgiﬁegﬁon?*ﬂ%ﬁép By RSB 35 e 48 B VT Rg L TR PUAES 2
and a these, the buoyancy force, arises from the upward force exerted on the
specimen due to the displacement of solder, which 1s equal to the weight of
solder displaced by the specimen. Since the volume of the part of the specimen
that was immersed in the solder, and the density of the solder, are known, this

upward force can be calculated and taken into account.

The second factor is a force acting on the specimen due to the change in
contact angle between the surface of the solder and the surface of the specimen.
The wetting time in each particular case was defined as the time taken for the

wetting force acting on the specimen to be equal to zero.

The results of the first aspect of the first test are shown in Figure 1. In
summary, the solder embodying the present invention exhibited a wetting time,
at each of the temperatures, that was comparable to that displayed by the
conventional lead-containing solder. In addition, the solder embodying the
present invention exhibited a wetting time which was generally lower than that
displayed by any of the other lead-free solders. The wetting time is a measure
of the rapidity with which a solder adheres to a substance, and clearly a low

wetting time is a desirable property for a solder. Hence it can be seen that the



high wetting force is a desirable property for a solder. The results of the
second aspect of the first test are shown in Figure 3. To sunmarise these
results, the sol der enbodying the present invention exhibited a maxi mum
wetting force 2.0 seconds after inmmersion of the specinen therein, at each
of the considered tenperatures, that was conparable to that displayed by

t he conventional | ead-containing sol der, _although sonewhat |ower. Wile
sonme of the existing | ead-free sol ders dPspIayed a wetting force that was

closer to t f ti.onal : | t \ r ,
onl'y i ROvETCSES cshBSHAE AR RRRy InERREh BOLO8heE oohR Pyl SERTRL 05 e
of the presespedtrifent fies testhhbi beyl ofthwedtibtg: feaTed fiddlersas close to  that
of the conventional |ead-containing solder at all of the considered

tenperatures. This property of the sol der enbodying the present invention

al l ows the sol der_of the i venhi on to be tive in a sim]ar manner to
conventional 10 Whe=splénphils HEtasPerirad thadast sy are displayed i rsaphicak e

condi ti ons, . I I: t S e under.,, v i n enper at yre
condi ti ons. f%%\ﬁ?gég?ﬁe?oggyﬁg%s?e%gﬁdﬁg%g@&st g’oaﬁ) 118 ¥ % utt%g?prgﬁeé&mg

di spl ayed i e g@ﬁaﬁhaﬁéesf 8f ihd RohVEIhat soMr ClorfthiBfd yea%hgm thBalo1ade
results for the solder enbodying the present 1nvention follow those

repr esent i ngnibodyiignvhat pesant headronofoHow rgclsobitier @litd eglstelas vlepsel y
as the best of those representing the other |ead-free solders. Fromthe
resul ts of cempgradsto thesgeprescotng bee padpimdiges phehesothaeleadrfberdsalders. t he

present invention exhibits very simlar properties, with regard to
wettability, to the conventional |ead-containing solder. Clearly, this

similarity in phusical,s RLORETIF G HEAIRLS cbifbri0h dRE AERAFUHRM, Hperer esent
maximum wetting force at 2.0 seconds after immersion of the specimen in the
respective solders. The wetting force is, as described above, the adhesive force
between the solder and the specimen. Clearly, the wetting force provides a
useful indication of the strength with which a solder binds to a substrate, and a

high wetting force is a desirable property for a solder.

The results of the second aspect of the first test are shown in Figure 3.
To summarise these results, the solder embodying the present invention
exhibited a maximum wetting force 2.0 seconds after immersion of the
specimen therein, at each of the considered temperatures, that was comparable
to that displayed by the conventional lead-containing solder, although
somewhat lower. While some of the existing lead-free solders displayed a
wetting force that was closer to that of the conventional leaded solder at some
temperatures, only VIROMET 217 produced slightly better overall results and
the solder of the present invention exhibited a wetting force that was close to
that of the conventional lead-containing solder at all of the considered
temperatures. This property of the solder embodying the ‘present invention

allows the solder of the invention to behave in a similar manner to conventional



as a replacenent for the conventional |ead-containing solder. Test 2:
Mechani cal Properties A second test conpared the nechanical properties of
the sol der of the present invention with the nmechanical properties of a
conventional |ead- containing solder. In this second test, various

mechani cal tests were carried out in accor dance with the ASTM standard to
conpare the properties of ALLOY 349, ][eosol der enbodyi ng the present
invention, with a conventional |ead- containing solder with the conposition
63%8n/ 379%b Binot el K r t ow ng
conpositi ons%@&g(:&imfl r stsra)%eég)% r eque/a}ég[??bgésg /%%h% %?&!16&2 ﬁ@gk%nd

| ead- free sgbtieringd6k&MHace 8nddgvarBingAetniperaluleamthditicas. sol der (herein

call ed VIROVET 217): 88.3%%n; 3.2%\g; 4.5%Bi; 4.0%1In. 11 4. A fourth

| ead-free solder (herein called VI ROVET HF) 92.8%bn; 0.7%u; O, .5%a;

6% n. 5. Afifth eadfree der: 93. 5%%n, 5% A sixth
| ead- free sol der : I Tes. © B%\if‘coﬁ 595 Ct 73% theg gg%.fnfﬁﬁt Iaeﬁdd‘fspgé(ego}lher

96%8n; 2. 5%0 A %n th ﬁgﬁie 4%’161?516%12995%5 fthﬁmht% é?ﬁ?%?ort ﬁ}%tsdlﬁgro b

determ n| ng~the nmelting erature coefficren expansi on

(CTE) and t bmbodehig m‘e peEseit iyventich fflldvhehsw! ekq;'réseﬂﬁﬂgrthteeédnveﬁhenﬁlesul ts
of this first aspect of the second test are tabulated rn Figure 5 and

i |l ustr at edldad-epraphingabolder at leasFagulaselybas Ase bedtl ofbihoappemesattag; flreom t he

tabl e and graph, the ALLQY 349 sol der
got per 1ead gee solders.

From the results of the first test, it can be seen that the solder embodying
the present invention exhibits very similar properties, with regard to wettability,
to the conventional lead-containing solder. Clearly, this similarity in physical
properties renders the solder embodying the present invention suitable for use

as a replacement for the conventional lead-containing solder.

Test 2: Mechanical Properties

A second test compared the mechanical properties of the solder of the
present invention with the mechanical properties of a conventional lead-
containing solder. In this second test, various mechanical tests were carried out
in accordance with the ASTM standard to compare the properties of ALLOY
349, the solder embodying the present invention, with a conventional lead-
containing solder with the composition 63%Sn/37%Pb and seven other existing
lead-free solders, with the following compositions:

1. A first lead-free solder: 99.3%Sn; 0.7%Cu.
2. A second lead-free solder: 96.5%Sn; 3.5Ag.
3. A third lead-free solder (herein called VIROMET 217): 88.3%Sn;

3.2%Ag; 4.5% Bi; 4.0% In.



of the present invention proved to have a thernmal expansion co-efficient
which is very close to the conventional |ead-containing solder, so that
any fear of inconpatibility between the invention and existing conponents
and boards is significantly reduced. A second aspect of the second test

i nvol ved neasuring the tensile strength, |oad at maxi mum|oad, yield
strength and Young's Modul us of the varjous solders. The results of these
tests are expressed in full in the tabl Figure 7, while Figure 8

Iof
graphi cal | y ghowsy t R ensid-gestdenat ?h%ﬁgl §5ﬁ%<ﬂ vfﬁbg}ng’ghggfcf)-_ @aCdv, Qf,. the

alloys. As wi'll be seen from Figures eres thi's test

denonstrate that) THEWADIPGI48%6al der enbodyi ng the present invention has
a better strength and better Young' s Modul us conpared to the conventi onal
3

| ead- cont aidni ng A bifdeleadftesrsobderi HaliS¢a%n;PgSYafes; 30%dBdt j oi nts made of the
alloy in 12 accordanc itht invention can potentially be nuch stronger
than j oi nt s % made* F‘P‘gth&ta#éftl%%?élg?ﬁ- gan@("g}le‘é@g/e%&i QP%}?Q@ sol der. Test 3:
Fillet Lifti,ng The_l iing. U . g8ad-fy sold I .various

i ndustries f;]as I;}]%%%%%}Ege?adt %erszoqfiés)lj'a%t/aggr%dé‘n‘%g"pf%ro'ﬁ%ﬁue?'qoiggf'i ng to occur
when |l ead-free solders are used in the context of printed circuit boards
with through-plated holes enploying both OSP and Ni/Au coatings. In a
third test, the dcdust espectodf shishsddohtetest ithvolvgd wetetreiningg thermalting

sel ection of |ead-free solders, nanely the ALLOY 349 sol der enbodying the
present i nvéampaatuad theaeoeHicieni nf Siexmalkicxprmyon eddlE) eads thadspseifit. A

first |ead- ];;rra%(latys&(%eg-f ﬂ'\é soiger-g gx%gér test. The results of this first aspect of the

second test are tabulated in Figure 5 and illustrated in graphical form in Figure

6.

As will be appreciated from the table and graph, the ALLOY 349 solder
of the present invention proved to have.a thermal expansion co-efficient which
is very close to the conventional lead-containing solder, so that any fear of
incompatibility between the invention and existing components and boards is

significantly reduced.

A second aspect of the second test involved measuring the tensile
strength, load at maximum load, yield strength and Young’s Modulus of the
various solders. The results of these tests are expressed in full in the table of
Figure 7, while Figure 8 graphically shows the tensile strength and yield

strength of each of the alloys.

As will be seen from Figures 7 and 8, the results of this test demonstrate
that the ALLOY 349 solder embodying the present invention has a better
strength and better Young’s Modulus compared to the conventional lead-

containing solder, thereby indicating that fillet joints made of the alloy in



2. A second | ead-free solder: 92.3%bn; 3.2%\g; 0.5%Bi; 4.0% 3. Athird

| ead-free solder: 89.8%bn; 3.2%\g; 1,.0%8i; 6.0%n. 4. Afourth |ead-free
sol der: 88.8%Bn; 3.2%Ag; 2.0%Bi; 6.0%4n. 5 Afifth |ead-free solder:
94.5%6n; 4.0%g; 0.5%Cu; 1.0%Bi. 6. Asixth |lead-fi-ee solder: 96.5%%n;
3.5%Ag. The results of this third test are illustrated in Figures 9, 10A
and 10B, Figure 9 showing the results i@ctabul ated form Figures |I OA and
| OB show ni crographs, on two different ales, of fillet joints fornmed
using the A t [; nd
OSP coat i nglgkgryrgégg%ts‘?{}}gq?e 1@%&3@5@ r@gguétﬁgﬂg:aﬁggr%l ylln:ﬂ%@l ca O%gefﬁg%ll ﬁfgtﬁse of
a sol der enbeatls frgnt the qonhesetidnal leadesdritamnirgnadiies the elimnation of fillet
lifting defects in the context of OSP and nickel/gold coated through-holes
in printed circuit boards. 13 Test 4: Copper Dissolution Rate A fourth
test was carried o conpar e the copper dissolution rate in a lead-free
sol der enbo . L ént i nvention with a conventional |ead- containing
sol der (63%Bn/37%b) and three existing |lead-free solders as follows; 1. A
first |ead-free solder: VIROVET 217. 2. A second |ead-free solder: 99.3%bn;
0"7%u, . 3. A thim@ |Reshsiieass drdrad- fﬁe'?e 28M8eis 4n -tR8AGTiBs SHBUstribBehdsest i ng
was carrl ed out by dipping a known wei ght of fluxed copper plate into the
mel ted sol dehowncthaﬂq'élenmrscaamﬁancpﬁomﬁllemhftnrgpmemcam vl keatdere yaders
subsequent |y nmeasur.ed u5| ng i nductjvely. coupl ed plasm_ equipnent. The rate
of copper d&sybed ilBnthfagom W@tnoﬁﬂ’é’mfbt%r@uﬁnb@ﬂiés bakh stherughhplagesh belasr at i on

of employing both OSP and Ni/Au coatings.

In a third test, the occurrence of such fillet lifting was tested for a
selection of lead-free solders, namely the ALLOY 349 solder embodying the

present invention and the following six existing lead-free solders:

1. A first lead-free solder: VIROMET 217,

2. A second lead-free solder: 92.3%Sn; 3.2%Ag; 0.5%B1; 4.0%.
3. A third lead-free solder: 89.8%Sn; 3.2%Ag; 1.0%Bi; 6.0%lIn.
4. A fourth lead-free solder: 88.8%Sn; 3.2%Ag; 2.0%Bi; 6.0%lIn.
5. A fifth lead-free solder: 94.5%Sn; 4.0%Ag; 0.5% Cu; 1.0% Bi.
6. A sixth lead-free solder: 96.5%Sn; 3.5%Ag.

The results of this third test are illustrated in Figures 9, 10A and 10B, Figure 9
showing the results in tabulated form. Figures 10A and 10B show micrographs,
on two different scales, of fillet joints formed using the ALLOY 349 solder
embodying the present invention on Ni/Au and OSP coatings, respectively.
These results clearly indicate that the use of a solder embodying the present
invention enables the elimination of fillet lifting defects in the context of OSP

and nickel/gold coated through-holes in printed circuit boards.



t he copper found in the sol der- against the weight of copper dipped in the
solder. The results of this fourth test are expressed in Figures 11 and 12,
whi ch respectively show the results in tabulated formand in graphical
form As will be seen fromFigures 11 and 12, the all oy enbodying the
present invention has a slightly higher rate of copper dissolution than
the conventional |ead- containing solder but also has one of the | owest
copper dissolution rates found in the | Bad-free solders tested. Test 5:
Drossing A f’liécsw' E%EBeP‘B?ssSRl@l%ﬁrﬁ'ﬁg with the suitability of the sol der of
the present=Fnventron Tor use 11 a wave-soldering nmachine. In an exanple
of wave- soldering, a circuit board is held just above the surface of a
gquantity of nolten 14 solder in a pot. A wave is then caused to propagate
across the surf ack fodrth hest wasl daened ohder compareuht icoppat diasqihitiondatetinag  t he
crest of the wave cones into_contact with the surface of the circuit
board. The Veadefree sddeti embadyingethei preseit imsarian (withtheopwentiansd leadr eof

that require soldering), angd, be ve opagat es acr t he, surface of
the nol ten SBR@ENG F(%ﬂslr ta(g’ ﬁ"{?@%gm% 3fn agf“ﬁ ngufegg%geeofso{ Sc#% cuit
board are cegjacted with nolten sol der. Wien using existing |ead-free

sol ders, the Tevels of dross present in the pot after several uses have
been found iin sonefieasesi-free beldenacrephabtry i gh. A fifth test was carried
out to determine the extent of drossing when using the ALLOY 349 sol der
enbodyi ng t Be pr éssavonddeadificonokdenpft. 2%Sai; 0h7%Cue conventi onal 63%8n/ 37%b

solder and with three other existing | d-free sol rs, as foll ows:
3. A th?rd lead-tree solc?er: 99.‘5"/§§n; 4.0%Ag; O‘.S‘%%u.

The testing was cairied out by dipping a known weight of fluxed copper plate
into the melted solder and the concentration of the copper in the solder was
subsequently measured using inductively coupled plasma equipment. The rate
of copper dissolution was then calculated on the basis of the concentration of

the copper found in the solder against the weight of copper dipped in the

solder.

The results of this fourth test are expressed in Figures 11 and 12, which
respectively show the results in tabulated form and in graphical form. As will
be seen from Figures 11 and 12, the alloy embodying the present invention has
a slightly higher rate of copper dissolution than the conventional lead-
containing solder but also has one of the lowest copper dissolution rates found

in the lead-free solders tested.

Test 5: Drossing

A fifth test was concerned with the suitability of the solder of the
present invention for use in a wave-soldering machine. In an example of wave-

soldering, a circuit board is held just above the surface of a quantity of molten



1. Afirst
99. 3%6n; O.
this test,

machi ne was

sol deri ng machi ne was used to solder cir zi“t boards in the sane way as for
sol dering nmachi ne was operated in

a conventi

| ead-free solder: VIROVET 217. 2. A second | ead-free sol der:

7% u. 3. Athird |lead-free solder: 95.5%n; 4.0%Ag; 0.5%Cu.

In

the sol der being tested was used in a pot of nolten solder in
si nmul at ed conventional wave-sol dering nmachine. No alteration of the

made to accommpdate the use of the sol der and the wave-

onal tin/lead solder. The wav
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dross in the pot was Temoved and wei ghed to determ ne the anmount of dross-
produced by conéact wette theotwitace g the stiesd tioardablie peve odas Whde netlghtiscwier e

then totall
hour. The r
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produces dr séﬂ"aer%%s aérg%etghr egnv\%l o fhe ’Fg\,\g (ﬂa ?r fh?)ch 08’?“"(358' ot her
| ead-free sghdarsuAace bﬁtHe%’iﬁfulttlB@d?dtaﬁ‘@cgﬁtQ&%H%th hoed smddy, the
conventional | ead-contai ni ng sol der. be appreciated fromthe above
results, the present invention prOV|des a Iead free solder that is very
suitable for use_as a direct replacenent for conventional |ead-containing
sol ders, due to tWhewr yppgramstingieaddegecsaldeiscthe lsvelsenft dioss prasent iruthdi ty,

conpat | b| |

dr ossi ng exﬁﬁb%;%rgsa%}ﬁhégggg‘%ﬁgegﬁpoﬁg?’g%l%’g‘gﬁ@s%%gﬁ‘l”@lﬁlcgl%éﬁg’eﬁ“ggnt ly,

the need for manufacturers to replace existing machinery,

A fifth test was carried out to determine the extent of drossing when
using the ALLOY 349 solder embodying the present invention compared with
the conventional 63%Sn/37%Pb solder and with three other existing lead-free
solders, as follows:

1. A first lead-free solder: VIROMET 217.
2. A second lead-free solder: 99.3%Sn; 0.7%Cu.
3. A third lead-free solder: 95.5%Sn; 4.0%Ag; 0.5%Cu.

In this test, the solder being tested was used in a pot of molten solder in
a simulated conventional wave-soldering machine. No alteration of the
machine was made to accommodate the use of the solder and the wave-
soldering machine was used to solder circuit boards in the same way as for a
conventional tin/lead solder. The wave-soldering machine was operated in a
normal air environment at a pot temperature of 245° C, with the boards being
conveyed over the surface of the pot at a speed of 1.4 to 1.8m/min. At the end
of each of four successive 15 minute periods of operation, the dross in the pot
was removed and weighed to determine the amount of dross. produced by the
wave-soldering process in each period. The weights were then totalled to give

a measurement of the rate of dross production per hour. The results of this fifth



processes or conponent coatings to accommodate use of a | ead-free sol der

can be elimnated or substantially reduced by enploying a sol der enbodyi ng

the present invention. As a result, the process of converting a

manuf acturer's facility to the use of |ead-free solder may be rendered far

sinpler and nore economically viable than hitherto contenplated. In the
present specification "conprises" neans "includes or consists of' and
“conprising” means "including or consisting of'. The features disclosed in

he f d i,ption,. th | | th
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diverse forns thereof. 16 CLAIMS : 1. A substantially |lead-free so

conpri si ng: fodn@with the c@n?%mﬂa\téfra,d -dord¥miimglsaldeand 0. 5% copper. 2. A
met hod of preparing a substantially |ead-free solder, conprising the step
of mxing tin, silver, indiumand copper such that the proportion of tinis

91.3% the proportlon silver roportion of indiumis 4.0%
and the pr oport {%%;?;5’8}60@‘3@ %%1 %h I’igﬂméolt}&‘erﬂr??&m dBKPHIY ng

the step of I tin,
4 2% i Tver PRIOR B f*ﬁ?‘#?ﬁé‘(% AR Sﬁﬁ%’ EXB i P LSR Jeplicerifhe
sol der C0”pf(blsd:cﬁgfeﬂﬂtoﬁ@l%ahd&onf‘anlx%%oﬂd’e@§ duchtd el EsthparablR- MQ&QH&ECS‘E‘M
0. 01% phosphor ous.

of wettability, fluidity, compatibility with existing component coatings, fillet

lifting and drossing exhibited by the solder of the present invention.

Consequently, the need for manufacturers to replace existing machinery,
processes or component coatings to accommodate use of a lead-free solder can
be eliminated or substantially reduced by employing a solder embodying the
present invention. As a result, the process of converting a manufacturer’s
facility to the use of lead-free solder may be rendered far simpler and more

economically viable than hitherto contemplated.

In the present specification "comprises" means "includes or consists of”
p

and "comprising" means "including or consisting of™.

The features disclosed in the foregoing description, or the following
claims, or the accompanying drawings, expressed in their specific forms or in
terms of a means for performing the disclosed function, or a method or process
for attaining the disclosed result, as appropriate, may, separately, or in any
combination of such features, be utilised for realising the invention in diverse

forms thereof.



5. A nethod of preparing a substantially |ead-free solder, conprising the
step of mxing tin, silver, indium copper and phosphorous such that the
proportion of tin is 91.39% the proportion of silver is 4.1% the
proportion of indiumis 4.0% the proportion of copper is 0.5%and the
proportion of phosphorous is 0.01% 6. A nethod of soldering, conprising
the step of using a substantially lead- frpge solder conprising 91.39%tin,

4.1% sil ver, .indium 0.5% copper and 0.01% ph h 7
_ CL : opp o phosphorous. 7. A nethod
accordi ng t*o—%ugg% 3 or 6, conprising the step of wave- sol dering using the

substantially | ead-free sol der.
1. A substantially lead-free solder, comprising:

91.3% tin, 4.2% silver, 4.0% indium and 0.5% copper.

2. A method of preparing a substantially lead-free solder, comprising the
step of mixing tin, silver, indium and copper such that the proportion of tin is

91.3%, the proportion of silver is 4.2%, the proportion of indium is 4.0% and

the proportion of copper is 0.5%.

3. A method soldering, comprising the step of using a substantially lead-

free solder comprising 91.3% tin, 4.2% silver, 4.0% indium and 0.5% copper.

4, A substantially lead-free solder comprising 91.39% tin, 4.1% silver,
4.0% indium, 0.5% copper and 0.01% phosphorous.

5. A method of preparing a substantially lead-free solder, comprising the
step of mixing tin, silver, indium, copper and phosphorous such that the
proportion of tin is 91.39%, the proportion of silver is 4.1%, the proportion of
indium is 4.0%, the proportion of copper is 0.5% and the proportion of

phosphorous is 0.01%.

6. A method of soldering, comprising the step of using a substantially lead-

free solder comprising 91.39% tin, 4.1% silver, 4.0% indium, 0.5% copper and

0.01% phosphorous.

7. A method according to Claim 3 or 6, comprising the step of wave-

soldering using the substantially lead-free solder.



