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Abstract

New solder aloys are being developed for
eledronic asemblies as replacenents for
traditional Pb-containing solder materials as a
result of international presaure to remove Pb from
the waste stream. In the transition period from Pb-
containing to Pb-free solder alloys, component
leads and copper interconnedions on circuit board
will continue to be pretinned with a Pb-
containing solder to improve solderabili ty. Phase
equili briainformation is needed for the evaluation
of candidate Pb-freesolder al oysin terms of their
melting behavior and of the possble dfeds of Pb-
contamination on manufaduring and reliability.
The CALPHAD method d phase equilibria
cdculation using thermodynamic descriptions
from databases provides a powerful tool for
obtaining such information. The reliability of the
cdculation, however, depends on the quality of
the thermodynamic descriptions of the individual
phases. Criteria for the evaluation of these
descriptions and the available thermodynamic
databases are discused. The dfea of Pb-
contamination on four solder aloysis analyzed.

1 Introduction

In the last five yeas the microeledronics
industry has been moving away from Pb-
containing solder alloys for two reasons. Firgt,
there is a growinginterest worldwide in removing
toxic dements, including Pb, from the solid waste
strean for eledronic equipment. Seoond, the
automotive industry is developing solders that
withstand  higher  service  temperatures
charaderistic of under-the-hood applicaions. For
these purposes it is necessry to evaluate the
properties of candidate solders related to
manufaduring and reliability, such as freeing

range (liquidus, solidus), effeds from possble
contamination from other solder materials and
readions with various abstrates, and
solderability. Most Pb-free solders are Sn-based
all oys with additi ons of low melting metals uch
as Bi, Sb and In or metals forming a aitedic
readion with (Sn)*, such as Ag and Cu. Since
common substrate materials consist of Cu, Cu
coated or plated with Sn-Pb or Sn-Bi solders, Ni-
Sn, Ni-Au and Ni-Pd, the systems containing these
elements in combination with the solder elements
also need to be evaluated.

Althowgh extensive research has been carried
out on the phase diagrams of most binary Sn-
systems, data may be not available for every
higher-order Sn-based system. However, when the
binary sub-systems are known, thermodynamic
cdculation provides an extremely useful toal for
obtaining quantitative information about the
higher-order (ternary, quaternary, etc.) systems.
For aternary system, for example, thermodynamic
models consistent with the experimental binary
data ae first obtained, then a standard
thermodynamic extrapolation method is used to
calculate the ternary system. Thisapproach is part
of the CALPHAD method [1,2]. From the
calculated phase diagram, the melti ng temperature
range for solder, the solidification path, aswell as
the susceptihility to intermetalli ¢ formation with
various substrates, can be estimated. The
CALPHAD method also allows the calculation of
equilibria for compasitions and temperatures
where data ae not avail able, aswell as calculation
of metastable eguili bria.

Thermodynamic caculation also provides data
for the analysis of other alloy properties. Analysis

* The demental symbol in perenthesis is used to distinguish
the disordered solid solution based on this element from the
pure dement.



of multi-component diff usion requiresthat tie-line
information, i.e., the cmpasitions of two phases
in equili brium, be available [3]. Tie-line data ae
rarely measured but can be eaily obtained from
the cdculated phase equili brium.

The wetting behavior of amolten solder isan
important property which partially depends on the
surfacetension and viscosity of the liquid phase.
Lee ad Lee[4] used the correlation between the
partial excess Gibbs energies and the surface
tension to cdculate the surfacetension of binary
solder liquids. The partial excessGibbs energies
are quantities that are readily available from the
thermodynamic cdculation. The arrelation
between the thermodynamic properties of the
liquid phase and surfacetension, as well as the
viscosity, was also used by Ohnumaet al. [5].

The subject of this paper isto give aiteriafor
the evaluation of the thermodynamic assesanents
of binary and ternary systems relevant to solder
aloys and to give a survey of the available
thermodynamic databases. Examples of the
utilization of information from the phase
diagrams, as well as the thermodynamic
cdculation, for the evaluation the dfea of Pb-
contamination on the freeing ranges of solder
aloyswill be presented.

2 The Calculation of Phase Equilibria

2.1 Choice of Models

The CALPHAD method [1,2] employs a
variety of models for the descriptions of the
various phases. The doice of model used for the
description of ead phase is important since it
determines the compatibility of al possble binary
systems in which phases with the same or similar
crystal structures occur. The aystall ographic
relationship between two phases of different
binary systems is sometimes obscured by the faa
that they have different stoichiometries. For
example, the high- and low-temperature n and n'
phases of the Cu-In and the Cu-Sn systems occur
at 33-38% In and 435-45 % Sn (atomic fradion),
respedively, and are, therefore, asciated with
different stoichiometries, i.e., Cu,ln and CusSng.
Despite their apparently different stoichiometries,
the need for the same model for the two phasesis
necessary for the Cu-1n-Sn system sincethe high-
temperature phase shows a @ntinuous ternary
solid solution [6]. The crystal structure of both of
these phases belongs to the B8,/B8, (NiAS/Ni»In)
structure type family and can be successully
described with the same model description [7].
Another family of related structures are the D8,

and D8; structures (CusZng and CugAly,
respedively). These two phases form continuous
ternary solutions in the Al-Cu-Zn system [8] as
well as in the Cu-Ga-Zn (CusZng and CuyGa,)
system [9]. The modeling of these two structures
with the sublatticemodel would require acomplex
description with 4 sublattices [10]. In order to
simplify the description of this phase, Liang and
Chang [11] modeled it as a disordered solution. It
is not uncommon to make such simplificaionsin
the thermodynamic assssment of a @mplex
system. Other common simplificaions are: to
describe a solid phase with a narrow homogeneity
range & a stoichiometric compound; to omit a
phase which is only stable in a narrow temperature
interval and assess the metastable diagram instead;
and to trea two o more phases with related
crystal structures as one phase, thus ignoring the
transformation between them. These
simplifications are accetable a long as care is
taken not to compromise general and important
feaures of the system.

2.2 Selection Criteria for Assessments

It isdesirable to utili ze as many of the eisting
binary assesamnents as pasdble in order to allow
rapid assessment of higher-component systems.
Therefore, it is necessary to seled a set of binary
asesanents as a basis for a database for solder
systems. An dovious requirement isthat calculated
phase equili bria data reproduce the experimental
data within the limits of the experimenta
acaragy. In the cae of solder aloy systems,
where the invariant temperatures are known within
afew tenths of degrees, it is paramount that these
temperatures are reproduced within this limit.
However, the true test of the quality of the
thermodynamic description is the extrapolation to
aternary system. One example where the quality
of the thermodynamic description was found to be
insufficient is the Sn-rich part of the Sn-Ag-Cu
system. In this case, the cdculation does not
reproducethe ternary eutedic within the limits of
the experimental error [12]. Moon et al. [12]
found that the description of the liquid + AgsSn
and liquid + CugsSns equilibriain the binary Ag-Sn
and Cu-Sn systemsisin need of further refinement
in order to oltain better agreement with the
ternary system. However, the available
experimenta datafor the Sn-rich part of these two
binary systems <ater noticeably. Therefore, the
further refinement of these description must either
utilizeternary data or improved new experimental
data of the binary systems.

Extrapolation to higher-component systemsis
one reason why a large number of terms in the



concentration dependence of a solution phase is
undesirable. In an extrapolation, alarge number of
terms can result in a "bumpy" Gibbs energy
function, creaing urikely shapes in phase
boundaries. Alternatively, a phase may appea to
be stable in a @mpositi on/temperature region of
the system where it is not observed in the
equilibrium diagram. In order to combine ternary
asesanents for the extrapolation to a higher-
component system, all of the ternary assessments
must be based on the same binary descriptions.
The substitution of one binary description by
another in a ternary assssnent will require a
reevaluation of the ternary description in most
Cases.

2.3 Advantages of Calculated Phase
Diagrams

If al of the &ove aiteria ae fulfilled, the
phase diagram that is obtained from a ternary
asesgnent can adually be more acurate than the
one from a aiticd evaluation, asis the cae for
the Ag-Cu-Pb system. The cdculated liquidus
surface [13] differs from the one propcsed in
evaluations [8,14,15] where the liquidus surface
was based on the ealy interpretation of the results
of Friedrich and Leroux [16]. Janecke [14] based
his evaluation on the then acceted Cu-Pb phase
diagram for which the miscibility gap in the binary
liquid phase was gredly overestimated and,
acordingly, resulted in an overestimation of the
ternary miscibility gap in the liquid phase. This
evaluation was later accepted in the evaluations by
Changet al. [8] and Hayes[15]. The cdculation
of Hayes et al. [13] is based on arevised Cu-Pb
system with a much less pronounced liquid
miscibility gap and the original data of Friedrich
and Leroux [16] as well as thermodynamic data.
Since both phase diagram data ad
thermodynamic quantities are generated from the
same thermodynamic description and are,
therefore, consistent, the cdculated liquidus
surface is more redistic than the aiticdly
evaluated li quidus data.

3 Available Phase Equilibria Infor mation for
Candidate Solders

3.1 Binary Systems

Several of the phase diagrams of binary solder
systems are fairly simple. However, amost two
thirds of the binary systems have & least one
intermetallic compound. A summary of binary
intermetalli c phases and their structures for the
most common elementsin solder alloysisgivenin

Table 1. For the binary systems which do not
contain intermetallic compounds, there exist at
most three phases (the low-temperature
modification of Sn, aSn, can be negleded for
solder applicaions). The smplest of these systems
is the Bi-Sb system where both the liquid and the
solid phases form continuous lid solutions.
Many of these smple systems, e.g., Ag-Bi, Ag-
Cu, Ag-Pb, Bi-Cu, Bi-Sn, Ga-In, Ga-Sn, Ga-Zn,
In-Zn, Pb-Sh, Pb-Sn and Sn-Zn, are aitedic. In
other systems, such as Ag-Cu, Ag-Pb and Cu-Pb,
the solid two-phase equili bria ae the result of a
miscibility gap in the fcc phase. Other systems
form miscibility gaps in the liquid phase,
including Bi-Ga, Bi-Zn, Cu-Pb, Ga-Pb and Pb-Zn.
Thermodynamic  asessnents  with  SGTE
compatible lattice stabilities [17] for the
description o the pure dements are avail able for
most of these systems.

Many of the binary systems relevant to solders
form intermetallic compounds, making their
description fairly complex since several phases
with ordered structures exist. In a few systems,
one or two of the intermetallic phases have a
disordered site occupation in their crysta
structure, e.g., Bi-Pb, Ag-Sn, In-Pb and In-Sn.
These disordered phases frequently show
significant homogeneity ranges. Sincethe aystal
structures of these phases can be the same &
disordered elemental structures, the same model
descriptions as for the crresponding elemental
phases dould be used. Other systems, such as Ga
Sb and In-Sh, have only one cmpound with a
very narrow homogeneity range.

3.2 Ternary and Higher-Component Systems

Including the most common 8 elements for
solder alloys, Ag, Bi, Cu, In, Pb, Sb, Sn and Zn,
results in consideration of 56 ternary systems that
are relevant to solders. Since the experimental
determination of a ternary system is extremely
time onsuming, a sufficient number of
experiments has been carried out for only about a
guarter of these systems to establish their phase
diagrams reasonably well. Some experimental
data ae available establishing a partial phase
diagram for amost half of the remaining systems.
No experimental information is avail able for the
remaining quarter of the systems. Criticd
evaluations of the experimental data ae available
for ternary Ag-, Al- and Au-systems[18] and Cu-
systems [8]. Villars et al. [19] compiled a
summary of the available experimental phase
diagram data for ternary systems.



If thermodynamic descriptions of all of the
congtituent binary systems are available, it is
possble to estimate aphase diagram of a higher-
component system from the extrapolation of the
binary systems. The quality of the extrapdation to
aternary system from the descriptions of the three
binary systems depends not only on the acaracy
of the cdculation of ead binary system, but also
on the magnitude of possble ternary interadions
and the occurrence of ternary intermetallic
compounds. The probable magnitude of these
ternary interadions can be estimated from the
properties of the binary systems. In most casesthe
excessGibbs energies of the solution phesesin the
binary systems relevant to solder aloys are
relatively small in magnitude, indicaing that
ternary interadions are probably not significant.
Thiswas demonstrated by Kattner and Boettinger
for the cae of the Cu-Pb-Sn system [20]. Many of
the binary systems siow no tendency to form
intermetallic compounds, suggesting that the
formation of ternary intermetallic compounds in
higher-component systems based on these systems
is adso unlikely. In fad, only two ternary
intermetalli c compounds have so far been reported
for those of the 56 ternary systems which have
been experimentally measured. In the Cu-In-Sn
system [6] the structure of the Cu,41n,Sn phaseis
an ordered bcc structure and can, therefore, be
related to binary intermetallic phases of the Cu-In
and Cu-Sn systems. In the Sb-Sn-Zn system [21]
the structural relation d the Sh,SnZn phase to the
binary phasesis not known.

3.3 Available Thermodynamic Databases

The dforts in the development of
thermodynamic descriptions for systems that are
relevant to solders have resulted in severa
thermodynamic databases that are either avail able
in the public domain [4,22] or are ommercial T
[5]. These databases are usualy built from the
asessd descriptions of all binary congtituents
systems but not necessrily all ternary systems.
The database described by Lee ad Lee [4]
includes ®ven elements (Sn, Ag, Bi, Cu, In, Sb,
Zn) and the asssanents of al constituent binary
systems and seleded ternary systems. The
database described by Ohnumaet al. [5] includes
assesed descriptions for al binary and ternary
systems including elements Sn, Ag, Bi, Cu. Pb,
Sb, Zn and seleded systems containing In. The

T Commercial products are referenced for completeness
Such identification does not imply recommendation or
endorsement by the Nationd Institute of Standards and
Technology, nor does it imply that these products are
necessarily the best available for the purpose.

description of the Sn-Pb systemsincludes also the
presaure dependence of the Gibbs energy of the
phases. Another database under development [22]
currently includes assessd descriptions of all
binary systems and seleded ternary systems for
the dements Sn, Ag, Bi, Cu, Pb.

4 Freezing Temper ature Ranges

4.1 Equilibrium Solidification

A basic requirement for a candidate solder
aloy to replace aPb-containing solder is to have
a spedfic freeing range, the temperature range
over which both solid and liquid co-exist; this
freezngrange is dictated by the gplicaion. To
replacethe Pb-Sn eutedic dloy, the ided solder
alloy would be aitedic or nea-eutedic, with a
liquidus temperature low enough to avoid
damaging components and a soli dus temperature
high enough to maintain joint reliability during
thermomechanicd fatigue.

One limiting case for describing solidification
behavior is glidificaion obeying the lever rule
(thermodynamic equili brium). For equili brium
solidification (lever rule) it isasuumed that at eat
temperature during cooling, complete diffusion
ocaurs in the solid as well as in the liquid and,
therefore, al phases are in thermodynamic
equilibrium at ead temperature. The equilibrium
freezng range of abinary alloy can be eaily read
from a phase diagram or from the isopleths for
higher-component systems. However, isopleths
provide information only for one sedion through
the multi-component phase diagram and, sincethe
tie-lines are usualy not in the plane of the
isopleth, there is no information on phase
compasitions and amourts. In the cae of ternary
systems this information can be obtained from
simultaneoudy examining the li quidus and soli dus
projections of the ternary system. These diagrams
do nat provide information about the onset of the
formation of a sewmnd solid phase
Thermodynamic cdculations, however, can be
used to cdculate the equili brium solidificaion
path for individual aloys and to generate tables
with the desired numerica quantities, such astie-
line data, phase anourts or enthalpy content.

4.2 Non-Equilibrium Solidification

Even if the phase diagram shows that a
spedfic dloy hasthe desired freeingrange, it is
possble, and quite likely for non-eutedic
freedng, that a larger freeing range is observed
in experiments. This is the cae when non-
equili brium solidification occurs. Sincethe degree



to which non-equili brium solidificaion occursis
determined by kinetic fadors, it is difficult to
predict. The limiting case describing this
solidificaion behavior is the Scheil path, where
diffuson in the solid is forbidden.
Thermodynamic equili brium exists only as locd
equilibrium at the liquid/solid interface This
produces the worst case of microsegregation with
the lowest final freeing temperature. Since the
composition of the remaining liquid phase varies
according to thetie-linesit is usually not possible
to olkain the Scheil path from an isopleth.
However, the Scheil path can be eaily obtained
from thermodynamic cdculation.  Although
modeling of red solidification behavior requires
the incorporation of a kinetic enalysis of
microsegregation and badk diffusion, the
predictions of the Scheil model are doseto redity
for many aloys for the time scdes found in
soldering.

4.3 Contamination of Pb-free Solders

The use of a pre-tinning all oy for component
|leads and copper circuit board interconnects with
components and pads with different composition
than that used for the solder may result in
degraded properties of the solder joints. For
example, when Pb-free solder aloys are
contaminated by Pb from the pre-tinned layer,
these dloys may form a low melting higher-
component eutedic. This case was gudied in
detail for Pb-contaminated Sn-Bi solders by Moon
et al. [23] using experimenta methods in
conjunction with caculations of the euili brium
phase diagram and Scheil solidificaion. They
found that a small amount of contamination by Pb
results in the formation of this low melting
eutectic a& 98°C. The predictions from the Schell
path cdculations were in acord with their
experimental observations.

Since the freeing ranges of other Pb-free
solder alloys may be similarly susceptible to Pb-
contamination, the freeing behavior of four
solder alloys was gudied from the cdculation of
the lever rule and Scheil freeing path of the
original solder aloy and the cntaminated solder.
Moon et al. estimated a Pb-concentration of 6 %
(massfradion) in the solder from contamination
by the component lead and bcard pre-tinning.
The origina solder compositions and those
resulting from contamination are listed in Table 2.
The cdculations were carried out using the NIST
solder database [22], the Thermo-Calc software
padkage [24] and the Scheil and Lever programs

[25].

Fig. 1 shows the calculated isopleths from the
original solder composition to the aomposition of
the @ntaminant for sedions through the muilti-
component solder system. The phases that are
formed during equili brium solidificaion can be
obtained from these sections. The diagrams show
also that Pb-contamination for solders without Bi
results in the formation of eutedic equilibriawith
dightly lower temperatures than the binary Sn-Pb
eutedic (Ag-Pb-Sn: 177 °C, Ag-Cu-Pb-Sn: 176
°C). However, as previously mentioned, phase
compositions, i.e., tie-line information, phase
fractions as well as information about Scheil path
solidification, cannot be obtained from these
diagrams.

Lever rule and Scheil path cdculations were
performed for eat of the dloy compositions
listed in Table 2. Theresults of these cadculations
are summarized in Fig. 2 and Tables3 and 4. The
compasitions of the Bi-freesolders are identicd
or close to the cmpostions of the Sn-rich
eutedics of the Ag-Sn and Ag-Cu-Sn systems.
Thus, the freezing ranges of these alloys are small
and essentially identicd for lever rule and Scheil
solidification. Pb-contamination of these dloys
results for both all oysin the formation of higher-
component eutedics where solid (Pb) is formed.
Since freezing of the Pb-contaminated alloys ends
for both lever rule and Scheil solidification with
the eutedic readion the solidificaion behaviors
aresmilar. The dfed of Pb-contamination on the
solders with Bi is different. The combination of
Sn, Bi and Pb results in the formation of low
melting eutedics (T = 98 °C) that are very close to
the Bi-Pb-Sn ternary system and do nat extend to
compasitions of the isopleths (Fig. 1). However,
depending on the Pb-concentration, the liquid
phaseis gable & fairly low temperatures. Since
the lever rule solidificaion is not terminated by
eutedic freeing it can be expeded that Schell
solidification will result in lower final freeing
temperatures which can be & low as the low-
melti ng eutedics of these systems. Eutedic final
freeingis observed for the Scheil path for the Sn-
2.9Ag-4Bi-6Pb aloy but not for the Sn-2.8Ag-
0.8Cu-2.8Bi-6Pb alloy and is a @mnsequence of
the lower Bi concentration in that aloy. This
behavior is in acord with the observations by
Moon et al. [23].

In arecent summary of fatigue resistant, high
temperature solders Gayle[26] gave a target
storage and operating temperature of -55 °C to
+160 °C and noted that the Bi concentration for
these dloys must be kept below 3.5 % to avoid
problems with low melting eutedic in case of Pb-



contamination.  Although the present results
confirm that the formation of the low melting
eutedic does not occur during Schell
solidification of an aloy with a lower Bi-
concentration after Pb-contamination, the liquid
phaseis a stable phase & temperatures below 160
°C. Bi containing solders should, therefore,
completely be avoided for these gplicaions if
there isthe posshility of Pb-contamination.

Contamination of solders is not a problem
associated only with Pb but will always pose a
possble problem when the constituent elements
from the solder and the pre-tinning material are
different. For example, pre-tinning with a Bi-
containing alloy could cause the formation of the
low melting eutedics in which solid (Sn) and (Bi)
form. However, current practices use pre-tinning
aloyswith fairly low Bi-concentrations compared
to 37 % Pb of the Sn-Pb alloy, therefore, the
effed from the mntamination can be expeded to
be much less pronounced than found for Pb-
containing pre-tinning all oys.

5 Conclusion

The cdculation of phase diagrams and
properties from thermodynamic databases is a
powerful tool for the development of new solders
neaeded worldwide for Pb-free éedronic
assembly. A wide range of potential alloys can be
relatively rapidly evaluated and pdential
problems with non-equilibrium freeing or
contamination with other elements can be
analyzed provided adequate thermodynamic
databases exist. Thermodynamic cdculations
further provide data that are needed for the
prediction of other solder properties sich as
surfacetension and viscosity of the liquid phase.
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Table 1: Crystal Structures of the Solid Phases in Binary Solder Systems

System .
disordered phases ordered phases
Al: fcc A2:bce | A3 hep | AS: BSn | A6:In | A7: aAs [fce bce hcp other
Ag-Bi |(Ag) (Bi)
Ag-Cu | (Ag), (Cu)
Ag-In  [(Ag) B 14 (In) L1, Agsin | D8s: Aguln Cl16: Agin,
2
Ag-Pb |(Ag), (Pb)
Ag-Sb [(Ag) 4 (Sh) L6o: AgsSh
Ag-Sn [(Ag) 14 (Sn) DO0.: AgsSn
2.€
Ag-Zn |(Ag) B g, (Zn) D8, AgsZng Bp: {AgZn
Bi-Cu [(Cu) (Bi)
Bi-In (In), [ (Bi) B8,: Biln, B10: Biln
€? D8;: Bi3|n5
Bi-Pb | (Pb) £ (Bi)
Bi-Sh (Bi,Sh)
Bi-Sn (Sn) (Bi)
Bi-Zn (Zn) (Bi)
Cu-In | (Cu) B (In) InMng: y B8:: CuzIn.h Curlng: Curlng
B8,: Cuzin.l ? AlCu: Cuyalng
Cu-Pb_[(Cu), (Pb)
Cu-Sb | (Cu) % (Sb) DO0s: B 20 DO, CusSh
CuyoShs: CuiShs
C38: Cu,Sh
Cu-Sn | (Cu) B (sn) D03 y B8:: CugSns.h
Cu41$n11: Cu41$n11 882 CUsSn5.| ?
CuyoSns: CuyoSns
CusSn: CusSn
Cu-Zn |(Cu) B g, (Zn) B2: p'
D82: Cu5an
20
In-Pb | (Pb) (In), o
In-Sb (In) (Sh) B3: InSb
In-Sn (Sn) (In), B hex: y
In-Zn (Zn) (In)
Pb-Sb [ (Pb) (Sh)
Pb-Sn_[(Pb) (Sn)
Pb-Zn | (Pb) (Zn)
Sb-Sn (Sn) (Sh) Bl B 2. Sh,Sns
Sb-Zn (Zn) (Sb) Be: SbSn
?7v.&64n
Sn-Zn (2Zn) (sn)




Table 2: Modified solder compositions as a result from contamination with 16.2 % of Sn - 37 % Pb
solder. (Compositions are in % of massfradion)

Original Solder Compasition

Contaminated Solder Compasition

Sn-35%Ag

Sn-29%Ag-6%Pb

Sn-4%Ag-1%Cu

Sn-34%Ag-08%Cu-6%Pb

Sn-35%Ag-4.8%Bi

Sn-29%Ag-4%Bi-6%Pb

Sn-34%Ag-1%Cu-3.3%Bi

Sn-28%Ag-08%Cu-28%Bi-6%Pb

Table 3: Liquidus, final freezng temperatures, and massfradion of low-melting eutedic from the
lever rule and Scheil cdculations without and with Pb-contamination.

Sn-3.5Ag Sn-4Ag-1Cu Sn-3.5Ag-4.8Bi Sn-3.4Ag-1Cu-3.3Bi
T (°C) | fo T (°C) | fo T (°C) | fo T (°C) | fo
Solder
Lever | 221 - 225215 - 215201 - 233204 -
Scheil | 221 - 225215 - 215137 0.03 | 233137 0.02
Contaminated
Lever | 213177 0.09 | 227176 0.09 | 208144 - 234155 -
Scheil | 213177 013 | 227177 0.09 | 20897 0.01 | 234109 -

*Note: During Scheil solidificaion the remaining liquid phase is depleted of Cu which resultsin that the final
freezng occurs at the temperature of the Ag-Pb-Sn eutedic.




Table 4:

Sequence of phase formation during lever rule and Scheil freezng without and with Pb-

contamination.

| Lever rule | T(°C) | Scheil | T(°C)

Sn-3.5Ag

Solder L (Sn)+e 221 | L - (Sn)+¢ 221

Contaminated L +(Sn) 213 L - (Sn) 213
L+(Sn)+¢ 211 L - (Sn)+e 211
(Sn) + € + (Pb) 177 L — (Sn) + &+ (Ph) 177

Sn-4Ag-1Cu

Solder L+n 225 [L-n 225
L+n+e 221 L-n+e¢ 221
(Sn)+n+¢ 215 L~ (Sn)+n+¢ 215

Contaminated L+n 227 L-n 227
L+n+e¢ 210 L-on+e 210
L+n+e+(Sn) 208 L-n+e+(Sn) 208
(n -n) (n-n)
L+n'+€+(Sn) 187 L - n' +¢&+(Sn) 187
n' + € + (Sn) + (Pb) 176 | | _ ¢+ (Sn) + (Pb) 177

Sn-3.5Ag-4.8Bi

Solder L+e 215 L-e¢ 215
L+e+(Sn) 214 L - €+ (Sn) 214
€ + (Sn) 201

Contaminated L +(Sn) 208 L - (Sn) 208
L+ (Sn) +¢ 207 L - (Sn)+¢ 207
L +(Sn) + &+ (Pb) 154 L — (Sn) + &+ (Ph) 146
(Sn) + € + (Pb) 144 L - (Sn) + € + (Pb) + (Bi) 97

Sn-3.4Ag-1Cu-3.3Bi

Solder L+n 233 [L-n 233
L+n+(Sn)+¢ 212 L-n+(Sn)+e¢ 212
n+(sn)+e 204 1 (n-n)

L—»I’]’+(Sﬂ)+8 187
L - n'+(Sn) +e+(Bi) 137

Contaminated L+n 234 L-n 234
L+n+(Sn) 206 L -n+(S) 206
L+n+(Sn)+¢ 205 L-n+(Sn)+¢ 205
(n -n) (n-n)
L+n"+(Sn) +¢ 187 L-n+(Sn)+e 187
L+1'+(Sn) + € + (Pb) 165 1L -+ () +e+ (PD) 160
'+ (Sn) + £ + (Ph) 195 JLon+(sn+e+o 136
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Isopleths from the original solder compasition to the compositi on of the cntaminant. (a) Sn -

35%AgtoSn-37%Pb, (b) Sn-4% Ag-1% CutoSn-37%Pb, (c) Sn-3.5% Ag- 4.8 % Bito Sn -
37% Pb, (d) Sn-3.4% Ag- 1% Cu - 3.3 % Bi to Sn - 37 % Pb. The dotted lines represent a Pb
concentration of 6 %.

11



1 T 1 T .
i L->(Sn)+e E \
E":\ '\\ L->
0.81 T 0.8 T o |
L>(Sn)+e+(Pb) \‘ L->(Sn)+e+(Pb) \\
je! 3 je) 3
S 0.61 3 S 0.6 3
2] 1 (%] 3
c i c i
s !. s ;
8 041 i 8 0.4 i
T Sn-3.5Ag | [T Sn-4Ag-1Cu \
1 Lever — ‘ Lever —— !
Scheil ===+ I Scheil ===- !
0.21 sn-2.9ag-6Pb ': 0.21 sn-3.4Ag-0.8Cu-6Pb ‘=
] Lever =---- ! | Lever ===- 1 |
Scheil +weeeeee L->(Sn)+e |'| (a) Scheil - L->{Snjen ': (b)
0 r r r —_—— 0 r r —
80 120 160 200 240 80 120 160 200 240
T (°C) T (°C)
LI e —— e L 1 ———== Vemaon So— L M
'L ->(Sn +8+9X ............. 1 L->(sSn)+e +ﬁg \\:\ \(Sl;1)_:s+n
0.8 | L>(Snser ONR o8] Lo@memien N
L->(Sn)+e+0+(Bi)  +(Pb) +(Pb)
o o
© 06' ) 06.
(%] (%]
C C
Ke) RS
g 04 g 04
I Sn-3.5Ag-4.8Bi w Sn-3.4Ag-1Cu-3.3Bi
1 Lever —— 1 Lever ——
Scheil ===~ Scheil ==--
0.21 Sn-2.9Ag-4Bi-6Pb 0.27 Sn-2.8Ag-0.8Cu-2.8Bi-6Pb
] Lever =-=--- ] Lever ==--- |
. Schei | , Scheil IL‘>(Sn)+8+\I”F .(d)
80 120 160 80 120 160 200 240
T (°C) T (°C)
Figure 2:

Calculated fraction solid vs. temperature aurves from lever rule and Scheil calculations for the
pure and contaminated solder dloys. (a) Sn-35%Ag andSn-29%Ag-6%Pb, (b) Sn-4%Ag-1%
Cuand Sn-34%Ag-0.8%Cu-6%Pb, (c) Sn-3.5%Ag-4.8%Biand Sn-29Ag-4Bi-6%Pb, (d)
Sn-34%Ag-1%Cu-33%BiandSn-28%Ag-0.8% Cu-6%Pb
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