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Abstract

Owing to impending European legislation, lead will no longer be used in the
fabrication of electrical and electronic materials within Europe. COST 531 is a
European action on the study of new lead-free materials suitable for use in the
electronics industry. One of the objectives of the action is the provision of a self-
consistent thermodynamic database for lead-free solder materials and substrates.
Assessed thermodynamic parameters for more than 50 binary systems have been
collected from the literature or have been provided directly by a programme of
experimental and assessment work as part of the COST action. These data have
been supplimented by parameters for ternary systems to provide a self-consistent
thermodynamic database. The database has been tested thoroughly using proprietry
software to ensure its portabiltiy.
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INTRODUCTION

Lead has been used in soldering materials for electronic applications for very many
years. Lead, with its low melting point and soft, malleable nature, when combined
with tin at the eutectic composition gives an alloy which flows easily in the liquid
state, solidifies over a very small range of temperature and is at the heart of the
electronics industry. Present-day society is totally dependent on this industry; through
domestic appliances, telecommunications, transport, and so on. Electronic devices
now pervade every aspect of life, and with an increasing reliance on mobile devices,
such as telephony and computing, the number of components manufactured, and
probably more importantly, discarded, is increasing dramatically. For example, for the
period 1992-1997, there was a three-fold increase in the number of printed circuit
boards manufactured in Europe, worth 9.7 billion USD. This is a huge industry that is
growing, year on year.

The problem with lead, however, is one of health and the environment. Lead can
accumulate in the body, leading to many adverse health effects, such as disorders of
the nervous and reproductive system, delays in neurological and physical
development. Many countries have now banned the use of lead in petrol. The worry
over lead in electronic components stems mainly from discarded -electronic
equipment, much of which ends up in land-fill, with the fear, then, of the
contamination of ground water. The decision to remove lead from electronic
equipment has been taken by many countries, and in Europe, new legislation will be
brought into force in July 2006 banning the use of lead in electrical and electronic
equipment — The RoHS directives. The search for a replacement solder material has
been underway for some time and a number of formulations are already in use,
notably in Japan. However, it is now an accepted fact that there is no ideal ‘drop-in’
replacement for the traditional lead-tin solder. One particular formulation,
Sn3.8Ag0.7Cu, has a melting point of around 220°C, which is about 30°C higher than
that of traditional lead-tin solder. This has a number of implications, not least the
increase in energy costs associated with using this material. There are then
compatibility issues relating to components and their termination finishes, all of which
can have an affect on the reliability of the electronic device.

It is clear that knowledge of the phase equilibria involved in the solder-component
termination alloy system is crucial in the design of new soldering materials.
Traditional methods of experimentation involving trial and error methods for the
choice of appropriate compositions are both costly in terms of time and money. Over
the past 30 years or so, the construction of thermodynamic databases for the
calculation of complex phase equilibria have become more important." Along with
appropriate software,(?) it is possible to predict the likely phase equilibria in
multicomponent alloy systems as a function of temperature, pressure and
composition. This has obvious implications with respect to saving time, not only by
reducing the number of experiments that need to be performed to fully understand
the chemistry of an alloy system, but also by being able to predict likely scenarios
whilst kinetic constraints may mask the true nature of the equilibrium.

In 2002, European COST action (European CO-operation in the field of Scientific and
Technical research, which facilitates and encourages networking between nationally
funded research) 531 was initiated to study the basic science of lead-free solder
alloys and to provide a basis for deciding which alloy to chose for each application.
The COST action involves a number of different aspects of lead-free solder alloys;
phase equilibria, thermodynamic properties, physical properties such as wetting

1196



61° Congresso Anual da ABM

behaviour and surface tension, and mechanical properties. This work is on going,
and currently, laboratories in 22 different European and associated states are
involved. One particular aspect of the whole COST action is the construction of a
self-consistent thermodynamic database for the calculation of phase equilibria in
lead-free solder alloys and their interaction with substrates, and lead. An important
consideration is how lead-free solder alloys will perform during the repair of older
electronic equipment that may have been assembled using traditional lead-tin solder.
The database can also be used to study intermetallic formation — critical to the
strength of a soldered joint, and also solidification paths and for the modelling of
surface tension.

Other thermodynamic databases are available. For example, The NIST database for
lead-free solder alloys covers the elements Ag, Bi, Cu, In, Pb, Sb & Sn enabling
calculation of all of the binary systems plus the Ag-Cu-Pb, Ag-Cu-Sn and Ag-Sb-Sn
ternary systems.®® The ADAMIS database!® covers thermodynamic properties for
binary and ternary systems involving the same elements plus Zn.

An advantage of working under the COST action is that there is sufficient effort
available to bring breadth to the research. One of the working groups of the action
(there were six in total at the start of the action) is involved solely in the provision of
experimental phase equilibrium and thermodynamic property data. A second working
group is involved in carrying out the thermodynamic modelling. The interaction
between these working groups is crucial to the success of the action.

Scope of the Database

There are a number of obvious choices for the elements that should be included in
the database. Cu and Sn (Cu is a substrate material as well) along with Ag have
already been identified as components for a lead-free solder material. Alloys such as
Sn3.5Ag, Sn0.7Cu, or Sn3.8Ag0.7Cu have melting points of around 220°C, but this is
still more than 30 degrees higher than their traditional lead-containing counterparts.
Low melting point elements such as In and Bi are added to the list, as well as
termination materials such as Ni and Pd. Figure 1 shows a reduced portion of the
periodic table comprising the candidate elements for the solder and those for the

substrates.

on
Ni | Cu | Zn % %
Pd | Ag & In | Sn | Sb

Au \ Pb | Bi

Figure 1. Elements chosen for inclusion in the thermodynamic database

In order to reduce the total number of systems that needed to be assessed and
entered into the database, some elements were removed from the list. In the case of
Cd, Hg and TI, this was owing to toxicity issues. However, it is necessary to include P
as it is an impurity associated with Ni, which is of course a substrate material.

The database is based on version 4.4 of the SGTE unary database. As a starting
point, two databases already under construction b?/ members of the action were
combined. These were the NPL Solders database'™ and the Brno Solders
database,® the latter having been developed jointly by workers at the Masaryk
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University and the Institute of Physics of Materials of the Czech Academy of
Sciences at Brno in the Czech Republic. The combination process first involved
checking that the type of model and model name were consistent for each phase.
Also, each binary system had to be checked to ensure that the better version was
accepted in the first version of the COST database and that using v4.4 of the SGTE
unary database had no effect on the calculated diagram.

At each stage in the development of the database, it was thoroughly tested with 3 of
the most popular software E)ackages used for thermodynamic calculations, namely
MTDATA,” Thermo-Calc® and Pandat.® This ensured portability of the database
between the different packages.

MODELS

It was decided at an early stage not to include the gas phase in the database. It was
recognised that the main application of the database would be for calculations
relating to solidification and the creation of intermetallic phases.

The temperature dependence of the Gibbs energy was described by Dinsdale. (10)
G(T)=A+ BT + CTInT + =DT"

.where A-D are adjustable coefficients. The composition dependence of solution
phases was described by

G®(x;x;) = Xx;°GP + x;°G} +RT(x;Inx; + x;lInx; M+EG

where the first two terms are the lattice stabilities of the pure components in that
phase, the third term is the ideal solution term and the final term is the excess Gibbs
energy which is described by the ‘Redlich-Kister’ expression: ')

EG = XiX; ZKL(X —x)

where the adjustable L parameters have temperature dependence of the same form
as above. The liquid phase is modelled this way, but more complex phases are
modelled using the compound energy formalism,'? where the crystal structure can
be considered as comprising a number of sublattices, which may exhibit preferential
occupancy by one or more elements. For a two sublattice structure, for example, the
compositional dependence of the Gibbs energy is given as

Gl =>y]> yi°Gx +RTZa Zy,slny,

where the y terms are the S|te fractlons of each component on each sublattice. The
first set of terms represent the Gibbs energies of formation of the ‘virtual compounds
where each sublattice is occupied by just one component, the second term is the
ideal mixing term and the third term is the excess Gibbs energy, given by

FG = Y1AYI13(Y,§LA,B:A + yéLA,B:B )+ Y/iyg()ﬂALA:A,B + yéLB:A,B )+ y;YéYﬁyéLA,B:A,B

for components A and B. This model was used extensively for the intermetallic
compounds present in the database. Table 1 gives examples of the modelling used
for some of these phases. The binary phases are listed with the number of
sublattices and their constituents. Some of the sublattices have three or more
constituents indicating dissolution of a third element as the phase extends into
multicomponent systems.
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In order to maintain the scope of the database and to keep the work involved at a
manageable level, it was decided not to include ordering in the modelling of the
solution phases, e.g. the L1, and L1, phases in the Au-Cu system are not
distinguished from the fcc-phase.

Table 1. Solid phases in the COST 531 Database for Lead-free Solder Materials

Phase Name Number of Stoichiometry Constituents
sublattices
AUZN_GAMMA 4 0.15385 | 0.15385 | 0.23077 | 0.46153 Au, Au Au,Zn Zn
Zn
CUIN_GAMMA 3 0.654 0.115 0.231 Ag, Ag,Cu | In,Sn
Cu ,In
BETA_INPD2 2 0.34 0.66 In Pd
INNI_CHI 3 1 1 1 Ni, Va Ni In,Ni
IN3PD2 2 0.6 04 In Ag,Pd
LAVES_C15 2 2 1 Cu, Cu,Zn
Zn
NI3SN2 3 0.5 0.25 0.25 Ni, Sn | Au,Ni | Au,Ni
PDZN_GAMA 2 2 9 Pd, Pd,Zn
Zn
SBSN 2 1 1 Bi,Pb, Sb,
Sb,Sn Sn
ZETA_AGZN 2 1 2 Zn Ag,
Zn

BINARY SYSTEMS

At present, the database contains thermodynamic data for 52 binary systems, based
on the elements Ag, Au, Bi, Cu, In, Ni, Pb, Pd, Sb, Sn and Zn. Data are missing for
the Ni-Sb and Pd-Sb systems, and data for Bi-Ni are currently being validated. P-
containing systems are currently under review. The datasets have been taken from
the literature in most cases, although new datasets are being generated through the
experimental and assessment programmes of COST 531, for example, for the Bi-Pd
system."® In all cases, it was important to ensure that the phase names and the
modelling were consistent where the same phase occurred in different systems. This
is particularly important in the cases where there may be mixing between binary
phases occurring in more than one system. For example, the dataset for the Ag-In
was accepted initially from the work of Moser et al.{™) As can be seen in the
calculated phase diagram (Figure 1), the Ag2In phase is modelled as a stoichiometric
phase. As there is little evidence regarding the stoichiometry range of this phase, "
this is a reasonable assumption. However, in studies involving the Ag-Cu-In system,
it was discovered that this phase formed a continuous series of solutions with the
Cu2ln phase (CUIN_GAMMA in Table 1) in the Cu-In system. Therefore, it was
necessary to remodel the Ag2In phase in the same way as the Cu2ln phase in order
to allow mixing of the Cu and Ag. The calculated phase diagram from the current
dataset is shown in Figure 2. In the modelling of this phase (Table 1) it can be seen
that Sn has also been introduced into the model, as this phase is actually [I-brass.
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Figure 1. Calculated Ag-In phase diagram from (14) (Calculated using Thermo-Calc)
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Figure 2. Calculated Ag-In phase diagram from the COST 531 database v2.0 (Calculated Using
Pandat)

In Figure 2, the Ag2In phase now appears as CUIN_GAMMA and showing a small
range of homogeneity.

Remodelling of published assessed binary systems was necessary following new
experimental work that was undertaken as part of the COST 531 programme. For
example, an assessment of the Ag-Sn system exists in the literature!"® and this was
used in the early versions of the database. However, following experimental work
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carried out under COST531, it was discovered that the enthalpy of mixing of the
liquid phase has a temperature dependence.'” As the thermodynamic description for
Ag-Sn taken from Chang-Seok Oh et al."® doesn’t reflect this, it was necessary to
reoptimise the parameters for the liquid phase. Figures 3-6 show the assessed
enthalpy curves calculated from the description in the COST531 database for
temperatures of 500, 700, 900 and 1250°C, together with the new experimental data.
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Figures 3-6. Enthalpies of mixing for Ag-Sn liquid calculated using the COST531 database, compared
with experimental data, calculated using MTDATA.

TERNARY SYSTEMS

A number of ternary assessments already exist in the literature, but before they can
be included into the database, they have to be validated with the current set of binary
descriptions. Often, the assessments in the literature have been made using different
descriptions for the constituent binaries from those held in the COST531 database.
Changing the binary descriptions can have a profound effect on the ternary system,
so it is important that the fit of the calculated phase boundaries and thermodynamic
properties to the experimental information remains as good as in the original work.
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Often, reoptimisation is required. In extreme cases, a ternary assessment must be
disregarded completely. On the other hand, this comparison with experimental data
can result in a reselection of the binary system. The Au-In-Sn system is currently
being assessed as part of the COST action. It was found that the accepted Au-In
binary system“S) was in disagreement with the ternary information at the Au-rich end
of the diagram. However, a more recent assessment was available and incorporated
into the database!'® as it is in better agreement with the ternary data.

So far, there are 10 assessed ternary systems in the database, all of which are
consistent with the binaries. These are listed in Table 2. A further 8 are either in the
process of being validated, or are being assessed as part of the action.

Table 2. Ternary systems.

Included in the database Being validated/assessed

Ag-Bi-Sn Ag-Sn-Zn

Ag-Cu-Pb Ag-Pb-Sb

Ag-Cu-Ni Ag-Cu-Sn (following new experimental
studies)

Ag-Cu-Sn Ag-Cu-In

Ag-Ni-Sn Au-In-Sn

Au-In-Sn Cu-Ni-Sn (following remodelling of Ni-Sn)

Bi-In-Sn Ag-In-Pd

Cu-In-Sn In-Pd-Sn

In-Sn-Zn Bi-Sn-Zn
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Figures 7, 8. Calculated isopleths of the Ag-Bi-Sn system at 10 mol%Bi, together with experimental
data. (Calculated using MTDATA)
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Figure 9. Calculated isopleth of the Ag-
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MTDATA)
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Figures 7-9 show calculated isopleths for the Ag-Bi-Sn system using assessed data
from the database, together with experimental data. Figures 7 & 8 are for the 10
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mol%Bi isopleth, whereas Figure 9 is for 70 mol%Bi. In each case, a reasonable fit to
the experimental data has been achieved. Figures 10 & 11 show calculations for the
Ag-Cu-Sn system. Figure 10 is the calculated liquidus surface in the region of the
ternary eutectic plotted on orthogonal axes. The experimentally determined eutectic
composition is also plotted and can be seen to be in very good agreement with the
calculation. Figure 11 shows an isopleth through the Ag-Cu-Sn system from Sn-3.27
wt%Cu to Sn-8.9 wt%Sn. Good agreement with the experimental data is achieved.

CONCLUSIONS

A self-consistent thermodynamic database for lead-free solder materials and
electronic component substrates is under construction. So far, it contains assessed
data for 52 binary systems and 10 ternary systems covering the elements Ag, Au, Bi,
Cu, In, Ni, Sb, Sn, Pb, Pd and Zn. The database is being updated continuously
following experimental programmes that are underway as part of the European
COST action 531 on lead-free solders. The database will be invaluable in the design
of new lead-free solder alloys and in gaining understanding how they interact with
substrate materials. The database has been tested with MTDATA, Thermo-Calc and
Pandat software.
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