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DEVELOPMENT OF HIGH MELTING POINT, ENVIRONMENTALLY FRIENDLY SOLDERS, USING THE CALPHAD APPROACH

PROJEKTOWANIE WYSOKOTEMPERATUROWYCH, PRZYJAZNYCH DLA SRODOWISKA LUTOGW PRZY POMOCY METODY

Solder is a critical material that physically holds

CALPHAD

An attempt has been made using the CALPHAD approach via Thermo-Calc to explore the various possible chemical
compositions that adhere to the melting criterion i.e. 270-350°C, required to replace the traditionally used high lead content
solders for first level packaging applications. Various ternary combinations were extrapolated iteratively from well assessed
binary systems using the COST 531 (version 2) and SSOL2 thermodynamic databases. The ternary combinations that met
the solidification requirement were optimized for a narrow solidification range. Taking advantage of the CALPHAD approach
meaning that Scheil’s equation could now be applied to multicomponent alloys in a more efficient way than the traditional;
the optimized ternary compositions were subjected to non-equilibrium solidification simulations. Effort has also been made to
predict the phase fractions during solidification of promising solder alloy candidates.

The ternary combinations that satisfied the primary solidification requirement were scrutinized taking into account the
commercial interests i.e. availability, cost-effectiveness, recyclability and toxicity issues. Technical issues like manufacturability
and surface tension have also been considered. Special focus has been given to toxicity related issues since the main ideology
of looking for an alternative to high lead containing solders is not related to technical issues but due to environmental concerns.
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Przy pomocy metody CALPHAD, uzywajac pakietu ThermoCalc, dokonano préby wytypowania bezolowiowych stopéw
tr6jsktadnikowych, o temperaturze topnienia 270-350°C, jako zamiennikéw lutéw wysokootowiowych, stosowanych do wstep-
nego montazu uktadéw elektronicznych. Rozpatrzono rézne typy stopéw z bazy danych COST 531, wersja 2, oraz bazy SSOL2
dobierajac te o najmniejszej réznicy temperatur solidus-likwidus. Dla tak dobranych stopéw wykonano nastgpnie symulacj¢
krzepnigcia réwnowagowego i symulacje z zastosowaniem modelu Scheila. Na podstawie otrzymanych $ciezek krzepnigcia pré-
bowano przewidzieé sktad fazowy stopéw przy obydwu rodzajach krzepnigcia. Grupa wybranych stopéw byla dalej oceniana z
punktu widzenia technicznego, ekonomicznego i ekologicznego ze szczeg6lnym uwzglgdnieniem tego ostatniego.

1. Introduction (PCB), a step that typically involves lower melting point
solders. High lead containing solders in general have
better fatigue performance, higher tensile strengths and

slightly reduced wettability when compared to the lower

electronic assemblies together while allowing the var-
ious components to expand and contract, to dissipate
heat and to transmit electric signals. Increasing the lead
content and reducing the tin content results in solders
with substantially higher melting points. Common ver-
sions are Pb-10Sn/Pb-5Sn, having a melting range of
275°C to 302°C and 308°C to 312°C respectively. These
alloys solder the terminations within electronic compo-
nents. High melting point solders prevent the solder joint
within the component from remelting when the compo-
nent is subsequently soldered to the printed circuit board

*

melting point tin-lead compositions [1]. Reducing gas
atmospheres, such as forming gas or pure hydrogen are
effective fluxing agents at high soldering temperatures
and often substitute for chemical fluxes that may char at
high soldering temperatures. Despite of all the beneficial
attributes and familiarity associated with these alloys, the
presence of lead and its potential environmental impact
when products are discarded to landfills has caused the
industry to seek for lead free alternatives.
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The Latin word for lead, plumbum may have de-
rived from the original Sankrit bahumala, meaning “very
dirty” [2]. Throughout recorded history, lead has been
known to be toxic. H.L.. Needleman [3, 4] points out
that evidence of lead toxicity existed in 2000 ¢, Having
been phased out of western civilization’s staples such as
gasoline, paint and water distribution lines, the elimina-
tion of lead in electronic products is imminent. The toxic
metal’s last major refuge is automobile batteries which
demand more than 70% of global assets but are largely
recycled with notable fugitive emissions that contami-
nate the environment world wide [5]. Unlike automobile
batteries; the use of recycled lead for electronics appli-
cation can be severely limited since recycled lead dis-
plays higher a-particle emission than virgin lead. This
can have detrimental effects on the performance of inte-
grated circuits because @-particle emission leads to the
occurrence of soft errors [6].

At present there are Pb-free solders which can re-
place eutectic SnPb, but there is none to replace high Pb
containing solders used for first level packaging applica-
tions. One well known binary alloy which could be con-
sidered for this application is Au-20Sn (weight-percent)
with a eutectic point of 280°C, yet this eutectic alloy is
known to have poor reflow properties because it does not
readily react with Cu or Ni. The Sn in the alloy tends
to stay with Au because it is eutectic consisting of two
Au-Sn compounds. In order to react with Cu or Ni, the
Sn atoms must dissociate themselves from the Au atoms
so that the driving force is reduced. Thus only ternary
alloys could possibly provide an amicable solution [7].

Experimental determination of a ternary system is
extremely time consuming. If thermodynamic descrip-
tions of all the constituent binary systems are available,
it is possible to estimate a phase diagram of a higher
component system from the extrapolation of the binary
systems. The quality of the extrapolation to a ternary
system from the descriptions of the three binary systems
depends not only on the accuracy of the calculation of
each binary system but also on the magnitude of possible
ternary interactions and the occurrence of ternary inter-
metallic compounds. The probable magnitude of these
ternary interactions can be estimated from the properties
of the binary systems. In most cases the excess Gibbs
free energies of the solution phases in the binary systems
relevant to solder alloys are relatively small in magni-
tude, indicating that their ternary interactions are less
significant [8, 9].

2. Methods

Using Thermo-Calc version R, various ternary com-
binations were extrapolated iteratively from all the well
assessed binary systems in the COST 531 version 2.0

[10] and SSOL2 [11] thermodynamic databases to de-
termine the ones that adhere to the melting criterion i.e.
270-350°C. Ternary combinations which could proba-
bly meet the solidification requirement but are not well
assessed have not been considered. The extrapolations
have been carried out without taking into account the
possibility of formation of any ternary phases. The ones
that met the equilibrium solidification requirement were
further optimized for technically preferred narrow solid-
ification ranges.

The optimized ternary combinations were scruti-
nized taking into account the commercial and techni-
cal interests like availability, commercial cost, wetting
and toxicity. Primary focus has been given to toxicity
related issues since the main ideology of looking for an
alternative to high lead content solder is not related to
technical issues but due to environmental concerns. The
promising ternary combinations that are deemed to be
non-toxic were further subjected to non-equilibrium sim-
ulations as one of the main strengths of CALPHAD is
that Scheil’s equation could now be applied for muticom-
ponent systems in a more efficient way than the tradi-
tional Scheil’s approach. Microsegregation during solidi-
fication of potential environmentally friendly solders has
been predicted by studying the composition profiles of
each phase under both equilibrium and non-equilibrium
conditions during solidification. The elements were clas-
sified as segregated during non-equilibrium solidification
simulations if their compositions in the solidified mate-
rial were greater than the one predicted by equilibrium
solidification.

3. Results and discussion
3.1. Solidus/Liquidus

The ternary combinations that met the primary so-
lidification requirement are listed in table 1. The re-
sults show that the promising solder alternatives could
be either Au based or Sn based ones. There are many
Au based ternary systems (Table 1) that could be con-
sidered for this application since Au undergoes a eu-
tectic reaction with Sn, Sb, Ge and Si. The ternary
combinations Au-32Sn-0.01Ag, Au-0.31Sn-0.01Cu, and
Au-0.30Sn-0.01Zn have a very narrow solidification
range as they are close to the eutectic Au-Sn composition
but the content of Ag, Cu and Zn could be increased to
a maximum of Au-0.35Sn-0.03Ag, Au-0.33Sn-0.04Cu
and Au-0.30Sn-0.09Zn and still meet the solidification
criterion for this application but with a broader solidifi-
cation range. The Bi based system cannot be considered
for this application due to its poor thermal and electrical
properties which are critical for solder applications.
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TABLE 1
Equilibrium ternary combinations optimized for a narrow solidification range

S.No Ternary Compositions Solidus Liquidus Range

’ (mole-fraction) T (°C) T (°C) “C)
1. Sn-0.25Au-0.20Sb 282.83 305.18 22.35
2. Sn-0.36Au-0.08Zn 302.95 327.69 24.74
3. Sn-0.33Au-0.02Ge 314.29 343.43 29.14
4. Sn-0.30Au-0.08Ag 300.50 334.03 33.53
5. Sn-0.29Au-0.08Cu 291.75 330.94 39.19
6. Au-0.18Ge-0.10In 338.69 339.03 0.34
7. Au-0.165b-0.22In 285.83 287.05 1.22
8. Au-0.30Sn-0.24In 280.54 289.14 8.6
9. Au-0.30Sn-0.01Zn 274.96 284.11 9.15
10. Au-0.31Sn-0.01Cu 279.15 291.44 12.29
11. Au-0.355n-0.21Sb 312.43 329.23 16.80
12. Au-0.26Ge-0.02Bi 331.50 351.42 19.92
13. Au-0.26Sb-0.20Bi 292.44 313.59 21.15
14. Au-0.13Sn-0.10Si 312.23 333.67 21.44
15. Au-0.325n-0.01Ag 280.86 307.08 26.22
16. Au-0.15Ge-0.12Sn 285.58 314.16 28.76
17. Au-0.24Ge-0.05Sb 285.40 347.88 62.48
18. Bi-0.16Sb-0.04In 269.11 335.84 66.73

3.2. Scrutinization based on commercial interests

It is very essential to take into account some of
the commercial interests like availability, comercial cost,
toxicity and recyclability issues, during the design of re-
placement solders for first level packaging applications.

3.2.1. Availability

One of the global concerns is, will the chosen re-
placement be available in sufficient quantity to supply
the needs globally? Thus, it is essential for developing
a replaceinent solder that does not have a scarce major
constituent. The availability of elements being consid-
ered for this application till the end of 2007 [12] is listed
in Table 2.

TABLE 2

Metal reserves (31December 2007)

Reserve (thousand metric tons)

Elements

Tin 17100
Antimony 6400
Copper 1430
Zinc 1150
Bismuth 1000
Silver 840
Gold 132
Indium 27

3.2.2. Commercial cost

The microelectronics industry is extremely cost con-
scious. The history of the industry has been to contin-
uously produce higher performance at lower costs. The
cost of the product is the resultant of the cumulative
cost of the components, hence the cost of Pb-free solder

alloys can impact the cost of the finished product. Cost
competitiveness in the electronics industry is maintained
by reducing the cost of individual components to a min-
imum, in order to maximise the overall cost reduction.
The commercial cost of the elements being considered
for this application is listed in table 3 [13-15].
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TABLE 3

Cost of metals per kg*

Cost (28 March 2008
. ((US$/Kg) )
Gold 29910
Indium 925
Silver 575
Bismuth 33
Tin 20.595
Copper 8.535
Antimony 7.71
Zinc 2.325

2 Metal cost only, does not include fabrication costs, margins, etc.

3.2.3. Environmental issues

The extent to which Pb-free solders themselves are
’environmentally friendly’ is also relevant. There are two
basic requirements here i.e., toxicity and recyclability.
While a solder might be Pb-free, it might contain other
toxic metallic elements violating the whole motivation
behind the drive for Pb-free solders development. Of par-
ticular importance here are the acceptable concentrations
in ground water and potable water, and the leachability
of solder alloys. Recent research indicates that accord-
ing to California’s hazardous waste classification crite-
ria, most electronic products might still be considered
hazardous even if all electronic product manufacturers

replace lead-tin solders by solders with high content of
copper, nickel, antimony and zinc and abide according
to European RoHS mandate [16-18].

The metals being considered for first level packaging
applications are ranked in descending toxicity in table 4
based on EPA (Environmental Protective Agency- US)
[19] which takes into account leaching by ground water
and OSHA (Occupational Safety and Health Adminis-
tration) [20] which deals with occupational exposure,
inhalation and other exposure in the work place. Thus
the sole objective of developing not only lead free but
also environmentally friendly high melting point solders
could be accomplished only by Au based or Sn based
solder alloys.

TABLE 4
Toxicity Metrics
Metals EPA (US) drinking water standard OSHA PEL
(mg/L) (mg/m3)
Lead 0.015 0.05
Silver 0.05 0.01
Antimony 0.006 0.5
Indium none 0.1
Bismuth 0.05 none
Copper 1 0.1
Zinc 5 15
Tin none 2
Gold none none

The alloys used must also be recoverable and recy-
clable, without significant increase in cost. At the present
time, many recycling points are available for tin-lead al-
loys. By using gold, the initial costs would be higher
but there would be potentially a value to the recycled
product and no disposal costs associated with the solders
resulting in lower lifetime costs for the product {21]. In

addition, the issue of refining costs becomes important
when considering initial material selection. For example,
refining of gold recovered from electronic waste scrap is
easier. It has been reported that 47% of the total con-
sumption of gold was recycled in 2007 [12].



3.3. Scrutinization based on technical issues
3.3.1. Manufacturability

The substitute for lead-free solders would also have
to be produced in all forms used by the electronics indus-
try. Lead-free solder wire for repair and rework, lead-free
powder for solder paste and lead free solder bar for wave
soldering. Among all the metals being considered for this
application a high bismuth content followed by antimony
in the alloy would make drawing into wire very difficult
due to the brittleness of the alloy [22].

3.3.2. Surface tension

The wetting behaviour of a molten solder is an im-
portant property which partially depends on the sur-
face tension and viscosity of the liquid phase. Low sur-
face tension generally ensures good wetting. The surface
tension measured experimentally by Somol et al [23]
for Pb-5Sn (weight-percent) and Pb-10% in protective
Ar-H, atmosphere are 465 and 470 (mN/m) respectively.
Surface tension measured experimentally for pure tin by
Lee et al. at [23] at 50°C above the liquidus temperature
was 540 mN/m in Ar-H, atmosphere. Under similar ex-
perimental conditions, the surface tension measured for
gold by Krause et al. was 1090 mN/m [23].

3.4. Non-Equilibrium Solidification

The Scheil’s equation is applicable only to dendritic
solidification and even not to one where the solidification
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is mainly dendritic in nature but contains some final eu-
tectic product. Furthermore it cannot be used to predict
the formation of intermetallic compounds during solid-
ification since the partition coefficient is assumed to be
constant. However, the partition co-efficient is dependent
on both temperature and/or composition and this is not
taken into account in traditional Scheil’s equation.

Using a CALPHAD route, all of the above obstacles
can be overcome. The process that physically occurs dur-
ing solidification can be envisaged. Any appearances of
secondary phases can be easily taken into account in this
approach with the assumption that no back diffusion is
involved. Therefore all transformations can be handled
including the final eutectic solidification. This approach
is based on a series of isothermal steps but as the temper-
ature step size becomes small it provides results which
are almost completely equivalent to those which would
be obtained from the continuous cooling [24].

The equilibrium calculations predicted that only Au
and Sn based systems provide promising results that ad-
here to the melting criterion of high melting point lead
free solders used for first level packaging applications.
Taking into account the commercial cost and surface
tension, initial focus has been given to Sn based solders
compared to Au based ones. The promising Sn based
ternary combinations listed in table 1 were subjected to
non-equilibrium solidification simulations and are listed
in table 5.

TABLE 5
Non-equilibrium solidfication simulations of Sn based systems
Ternary Compositions Solidus Liquidus
(mole-fraction) “C) “cC)
Sn-0.25Au-0.20Sb 273 290
Sn-0.33Au-0.02Ge 216 334
Sn-0.30Au-0.08Ag 122 335
Sn-0.29Au-0.08Cu 305 332
Sn-0.36Au-0.08Zn 156 328

Sn based combinations adhering to the solidifica-
tion criterion generally undergoes a peritectic reaction.
Equilibrium calculations are less valid for peritectic re-
actions and it is evident from table 5. Both Sn-Au-Cu
and Sn-Au-Sb ternary combinations gave positive re-
sults. These combinations were optimized by non equi-
librium solidification simulations. The Sn-Au-Cu system
was optimized with an objective of reducing the solidi-
fication range and still meet the solidification criterion.
The Sn-Au-Sb system was optimized with an objective

of reducing the Sb content in the ternary system and still
adhere to the solidification criterion since Sb is consid-
ered to be toxic The results are shown in Fig. 1 and Fig.
2 respectively.
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Non-equilibrium solidification simulations predict
that only two Sn based ternary compositions (among the
elements being considered for this application) would
satisfy the solidification criterion. Sn-0.29Au-0.06Cu has
an edge over Sn-0.25 Au-0.11Sb since the latter includes
a sizable proportion of antimony. Even though Sb is con-
sider ed to be quite toxic but definitely not as toxic as
lead.

3.5. Microsegregation

The composition profiles of each phase were stud-
ied under both equilibrium and non-equilibrium con-
ditions during solidification of Sn-0.29Au-0.06Cu and
Sn-0.25Au-0.11Sb. For equilibrium solidification there
is no solute segregation and the composition of the so-
lidified material is uniform. The elements were classi-
fied as segregated during non-equilibrium solidification
simulations if their composition in the solidified mate-
rial were greater than the one predicted by equilibrium
solidification.

Microsegregation of Cu in FCC_A1 phase was ob-
served during non-equilibrium solidification simulation
of Sn-0.29Au-0.06Cu. Fig. 3 illustrates the deviation of
Cu composition profile in FCC_A1 phase from the equi-
librium one. Similarly microsegregation of Sb in SbSn

phase was observed during non-equilibrium solidifica-
tion simulation of Sn-0.25Au-0.11Sb. Fig. 4 illustrates
the deviation of Sb composition profile in SbSn phase

from the equilibrium one.
04

Segregation of Cuin
Sn-0.29A,-0.06Cu
=035
Q
Do
-3
e 03
©
S
3
3 0551 ——FCC A1, Cu
2 —a~FCC_A1, Cu(EQ)
= 021
015 ; . v 5 v
0 02 04 06 08 1
Fraction of Solid

Fig. 3. CMicrosegregation of Cu predicted in FCC_A1 phase during
non-equilibrium solidification of Sn-0.29Au-0.06Cu

0.6 9 Segregation of Shin Sn-0.2541-0.11Sb
gosel T
huid 4
'S 056 4
=
% 0544 —a—SbSn, Sb
£ 052 —e—SbSnSh (€Q)
S 054 &
048 y ' v .
0.2 0.4 06 08 1
Fraction of Solid

Fig. 4. Microsegregation of Sb predicted in SbSn phase du- ring
non-equilibrium solidification of Sn-0.25Au-0.11Sb

The influence of segregation of elements during so-
lidification on the thermo-mechanical properties proba-
bly depends on whether the segregated phase appears
in the microstructure of the solidified material as a dis-
persed phase or as a matrix phase. It could have a small
influence on the thermo-mechanical properties if the seg-
regated phase appears as a dispersed phase while have
a high influence on the thermo-mechanical properties
if the segregated phase appears as a matrix phase in
the final microstructure of the solidified material. The
Thermo-Calc software version R is not capable of pre-
dicting the resulting microstucture for non-equilibrium
solidification simulation. Thus, the final microstruc-
tures for the two promising solder alloys were predict-
ed for optimized compositions that were determined
by equilibrium calculations i.e., Sn-0.29Au-0.08Cu and
Sn-0.25Au-0.20Sb. The results are depicted in Fig. 5 and
Fig. 6 respectively.
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The equilibrium calculation has predicted that in the
final microstructure of Sn-0.29Au-0.08Cu, Cu6Sn5_P
and Cu3Sn phases would be dispersed in the AulSn2
matrix phase. Similarly the equilibrium calculation
has predicted that in the final microstructure of
Sn-0.25Au-0.20Sb, Rhombohedral A7 and SbSn phas-
es are dispersed in the AulSn2 matrix phase. Segrega-
tion of Cu in FCC_A1 phase during solidification will
have no influence on the thermo-mechanical properties
since the FCC_A1 phase is not predicted in the final
microstructure of the solidified material. Segregation of
Sb in SbSn phase during non-equilibrium solidification
may have a small influence on the thermo-mechanical
properties as SbSn phase is predicted to occur only as
a dispersed phase and not as a matrix phase in the fi-
nal solidified material. However, the Thermo-Calc soft-
ware version R is not capable of predicting the final
microstructure for non-equilibrium solidification simu-
lation. Thus, in order to confirm the predicttions of
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the final microstructure, it is necessary to perform the
microstructure evaluation for the proposed solder can-
didates for the first level packaging applications i.e.,
Sn-0.29Au-0.06Cu and Sn-0.25Au-0.11Sb.

3.6. Sn-0.29Au-0.06Cu Vs Sn-0.25Au-0.11Sb

Sn-0.29Au-0.06Cu has relatively high solidus tem-
perature. From a ’resistance to creep’ perspective, it
would be advantageous to use solder alloys with high-
er solidus temperature. Sn-0.29Au-0.06Cu is relatively
more environmental friendly since the latter has a con-
siderable proportion of Sb, even though Sb is consid-
ered to be quite toxic but definitely not as toxic as lead
[18-20]. No segregation of alloying elements in the fi-
nal solidified material of Sn-Au-Cu is predicted while a
small segregation of Sb in SbSn phase is predicted in the
final solidified material of Sn-Au-Sb. From the reliability
point, one of the main advantages of using lead in the
Pb-Sn alloy is that lead does not form any intermetallic
compounds with Ni (solder wettable layer), commonly
used in under bump metallization. This reliability issue
could be satisfied only by Sn-Au-Cu since in addition to
Sn, Sb also forms intermetallic compounds with Ni in
the latter.

4. Concluding remarks

The preliminary assessment of various ternary com-
binations among the potential elements being considered
for the first level packaging applications by the CAL-
PHAD approach reveals that only Au based or Sn based
systems could adhere to the primary solidification criteri-
on for the first level packaging applications. The develop-
ment of environmentally friendly solders could only be
fulfilled by Au or Sn based systems. Taking into account
the cost and surface tension issues, primary focus has to
be given to Sn based solder alloys for this application
if not the other alternative could be an Au based one.
Among the proposed Sn based candidates, Sn-Au-Cu has
an edge over Sn-Au-Sb.
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