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Abstract Replacing Pb—Sn with Pb-free solders is one
of the most important issues in the electronic industry.
Melting, dissolution, solidification and interfacial
reactions are encountered in the soldering processes.
Phase diagrams contain equilibrium phase information
and are important for the understanding and prediction
of phase transformation and reactive phase formation
at the solder joints. This study reviews the available
phase diagrams of the promising Pb-free solders, and
their related materials systems. The solders are Sn-Ag,
Sn—Cu, Sn—-Ag—Cu, Sn—Zn, Sn-Bi, Sn—In and Sn-Sb.
The materials systems are the solders with the Ag, Au,
Cu, Ni substrates, such as Sn—-Ag-Au, Sn—-Ag-Ni, Sn—
Cu-Au, and Sn—Cu-Ni ternary systems. For the Pb-
free solders and their related ternary and quaternary
systems, preliminary phase equilibria information is
available; however, complete and reliable phase dia-
grams over the entire compositional and temperature
ranges of soldering interests are lacking.

1 Introduction

Soldering is the most important joining technology in
the electronic industries [1]. Solders are heated up and
melt first during the soldering processes. The molten
solders wet the substrates, and liquid (solder)/solid
(substrate) contacts are formed. The joints are then
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cooled down, solders solidify, and solder joints are
formed. Since melting is required in the soldering
processes, solders are usually low melting point alloys.
Pb-Sn alloys are the most popular solders and their
properties are extensively investigated. However, due
to health and environmental concerns, the European
Union has made resolution prohibiting Pb usage in the
electronic products [2], and the electronic industries
are now shifting to Pb-free solders [3-5].

Soldering is conducted at the completely molten
state of solders, while the solder products are in use
with the solders at their solid phases. The primary
materials characteristics of solders are their liquidus
and solidus temperatures which define the temperature
boundaries of completely molten and completely solid,
respectively. Solders melt and wet the substrates at
temperatures higher than their melting points, and
there are dissolution of substrates and interfacial
reactions between solders and substrates [1, 4-6]. The
liquid phase then transforms to various solid phases
when the joints are cooled down. The different kinds
and relative amounts of the solid phases formed during
solidification are important for the solder joint prop-
erties.

Since solders are low melting point alloys, the
products’ operation temperatures are relatively high
temperatures and diffusion is significant for most sol-
ders. In addition, good wetting is required for good
solders, thus interfacial reactions with substrates are
usually significant not only at the liquid/solid contacts,
but at the solid/solid contacts at the operation tem-
peratures as well. Interfacial reactions at the solder
joints are the key reliability factor of electronic
products. Understanding and controlling of the inter-
facial reactions are important, because the interfacial
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reactions are more complicated with Pb-free solders
and with the emerging flip chip technologies which are
with more pronounced electromigration effects.

Solders are usually binary and ternary alloys. When
they are in contact with substrates, the materials sys-
tems are then ternary, quaternary or even of higher
orders. As mentioned above, phase transformation and
reactive phase transformation occurs at the solder
joints. Phase diagrams contain the basic phase equi-
libria and phase transformation information, such as
the solidus and liquidus temperatures of alloys.
Besides, the liquidus projection can be used for the
illustration of solidification path. Isothermal section is
crucial for the understanding of interfacial reactions.
Phase diagrams of Pb-free solders and their related
materials systems are important for the applications of
Pb-free solders.

Among various kinds of Pb-free solders, Sn—-Ag, Sn—
Cu, Sn—-Ag—Cu, Sn—Zn-(based), Sn-Bi, Sn—In and Sn—
Sb alloys are most promising. Ag, Au, Cu and Ni are
the most common substrates. This study reviews the
research status of the phase diagrams of these prom-
ising solders and the materials systems including sol-
ders and substrates, such as Sn—Ag-Au, Sn—-Ag-Ni,
Sn—Cu-Au and Sn—-Cu-Ni. Since interfacial reactions
are important for soldering applications, and they also
provide the phase formation information, interfacial
reactions literatures related directly with phase for-
mations are also included in this study, especially for
the materials system with no available phase equilibria
information.

2 Sn-Ag—Cu (Sn-Ag and Sn—Cu)

Eutectic and near eutectic Sn—-Ag—Cu (SAC) alloys are
recommended by JEIDA and NEMI [7, 8]. Sn-
0.7wt%Cu (Sn-1.3at%Cu) and Sn-3.5wt%Ag (Sn—
3.8at%Ag) are also promising Pb-free solders. The
most important Pb-free solders are at the Sn-rich cor-
ner of the Sn—Ag—Cu ternary system composed of the
binary Sn—Cu eutectic, binary Sn—Ag eutectic and the
ternary Sn—-Ag—Cu eutectic.

As shown in Fig. 1 [9] of the Sn—Ag binary system,
there are two intermetallic compounds, (-AgsSn and
e-AgsSn, two peritectic reactions, and one eutectic
reaction, liquid = AgzSn + Sn [9]. The eutectic com-
position is at Sn—-3.5wt%Ag and its melting tempera-
ture is at 221°C. Kattner and Boettinger [10] have
thermodynamically modeled this system. They used
solution models for Ag, Sn, liquid, and the { phase, and
they assumed the e-AgsSn to be a line compound. The
calculated phase diagrams are in good agreement with
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the experimental determinations, and the temperature
and liquid composition of the eutectic are at 220.9°C
and Sn-3.87at% Ag, respectively.

The binary Sn—Cu system is a complicated binary
system. As shown in Fig. 2, there are seven interme-
tallic compounds (88, y, {, d, e-CusSn, n-CugSns and -
CugSns), and 13 invariant reactions [11]. For soldering
application purposes, phase equilibria at the Sn-rich
corner are more important, and there are 3 interme-
tallic compounds, &-CuzSn, #-CueSns and #’-CugSns,
one eutectic, liquid = Sn + 1 — CueSns, and one possi-
ble eutectoid, 7-CugSns = Sn + " — CueSns. The liquid
composition and the temperature of the eutectic are at
Sn—0.7wt%Cu and 227°C. Shim et al. [12] and Boett-
inger et al. [13] have thermodynamically modeled the
binary Sn—Cu system. The {, J, e-CuzSn, #-CueSns and
1’-CugSns are assumed to be line compounds. Solution
model and two-sublattices model are used for the  and
7 phases, respectively. The calculated phase diagrams
are in good agreement with the experimental deter-
minations.

Gebhardt and Petzow [14] and Yen and Chen [15]
experimentally determined the isothermal sections of
the phase equilibria of the ternary Sn—Ag-Cu system.
No ternary compounds have been found. As shown in
Fig. 3a of the 240°C isothermal section, the &-Cu;Sn
phase has tie-lines with all the solid phases, and the
ternary solubilities of the binary compounds are lim-
ited. Gebhardt and Petzow [14] proposed a class II
reaction, L + #-CueSns = e-AgszSn + Sn, at the Sn-rich
corner at 225°C. The experimental results of Miller
et al. [16] indicated a different result and the invariant
reaction should be a class I reaction L = #-CugSns + &-
AgsSn + Sn at 216.8°C. The Sn-Ag—Cu liquidus
projection is shown in Fig. 3b. More recent phase
equilibria studies all agree that the invariant reaction at
the Sn-rich corner is a class I reaction [15, 17-19].
However, the exact composition and temperature of
the class I reaction, the ternary eutectic varied.
Loomans and Fine [17] reported the eutectic composi-
tion to be at Sn-3.5wt%Ag-0.9wt%Cu (Sn-3.81at%
Ag-1.66at%Cu). The liquid composition and temper-
ature of the ternary eutectic determined by Moon et al.
[18] are Sn-3.5wt%Ag-0.9wt%Cu and 217.2°C,
and are Sn-3.66wt%Ag-0.91wt%Cu (Sn-3.98at% Ag—
1.68at%Cu) and 216.3°C from their calculation. The
ternary eutectic is at Sn-3.24wt% Ag-0.57wt%Cu and
217.7°C as determined by Ohnuma et al. [19].

The materials systems consisting of the solders and
popular substrates, Au, Ag, Cu, Ni, are important for
soldering applications as well. Massalski and Pops [20]
and Evans and Prince [21] experimentally determined
the phase equilibria of the Sn—Ag—Au ternary system.
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Fig. 1 The Sn—-Ag binary
phase diagram [9]
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Figure 4a is the phase equilibria isothermal section of
the ternary Sn—-Ag-Au system at 200°C proposed
based on phase equilibria and interfacial reaction re-
sults [20-22]. No ternary compounds have been found.
Continuous solid solutions are formed between Ag and
Au, and the { phase in the Au-Sn and Ag-Sn systems.
The e-AgsSn phase has about 10at% Au solubility,
while the ternary solubilities of other Au-Sn binary
compounds are negligible. Figure 4b is the liquidus
projection of the Sn—-Ag-Au system [21]. At the Sn-
rich corner, there is class I reaction, ternary eutectic
liquid = e-AgszSn + Sn + 7-AuSny, at 206°C. Chen and
Yen [22] examined the interfacial reactions in the Ag—
Sn/Au couples. Three binary phases, J-AuSn, e-AuSn,,

Fig. 2 The Sn—Cu binary
phase diagram [11]
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and n-AuSn4, were formed in all the couples. The
results are in agreement with the phase diagrams
studies that all the compounds do not have detectable
ternary solubility.

Interfacial reactions between Sn-3.5wt% Ag and Cu
substrates have been studied by various groups [23-27].
In agreement with the Sn—Ag-Cu phase diagrams [15,
17-19], no ternary compound is formed, and the reac-
tion products are binary e-CuszSn and #-CugSns phase
in the temperature range between 70°C and 360°C. It
needs mentioning that although an order-disorder
transformation of the Cu¢Sns phase reaction is
observed [11-13], the effect of this transformation has
not been discussed in either the ternary phase
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Fig. 3 (a) The 240°C isothermal section of the Sn—-Ag—Cu ternary system [15]. (b) Liquidus projection of the Sn—Ag—Cu ternary system

(14]

equilibria studies [14-19] or in the interfacial reaction
studies [23-27].

Hsu and Chen [28] and Chen et al. [29] experi-
mentally determined the isothermal sections and lig-
uidus projections of the Sn—Ag—Ni ternary system. The
phase diagrams of the ternary system were also cal-
culated using the binary thermodynamic models with-
out introducing any ternary interaction parameters
[28]. Figure 5a, b are the 240°C isothermal section and
the liquidus projection of the Sn—Ag-Ni ternary sys-
tem, respectively. No ternary compounds have been
found. The NizSn, phase is a very stable phase, and is

Ag 20 40 60 80
A Au
9 Au at%

in equilibrium with Ag, {-Ag,Sn, e-AgsSn, NizSn, and
Ni;Sny phases. It is also observed that all the ternary
solubilities of the binary compounds are negligible.
The liquid miscibility gap in the Ag-Ni binary sys-
tem extends into the ternary system as shown in Fig. 8
of the liquidus projection. It is also shown in
Fig. Sb that the class I reaction, ternary eutectic
liquid = Sn + AgsSn + NizSny, exists at the Sn-rich
corner at 212.3°C. The interfacial reactions between
Sn-3.5wt% Ag and Ni have been examined [28, 30-32].
In agreement with the phase diagram study [28], no
ternary compound is formed in the Sn—Ag/Ni couples,

Sn at%
 —

Fig. 4 (a) The 200°C isothermal section of the Sn—Ag-Au ternary system [22]. (b) Liquidus projection of the Sn—Ag-Au ternary

system [21]
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Fig. 5 (a) The 240°C isothermal section of the Sn—Ag-Ni ternary system [28]. (b) Liquidus projection of the Sn—-Ag-Ni ternary system

[29]

and Ni3Sny phase is the primary interfacial reaction
product with negligible Ag solubility. Interfacial reac-
tions with Ni are frequently examined because Ni is a
popular substrate. However, it is worthy noting that
Ni(P) and Ni-7wt%V substrates are often used in the
electronic products besides pure Ni, and it has been
found the interfacial reactions at the solder/Ni and
solder/Ni-7wt%V are different [33].

The 360°C isothermal section of the Sn—Cu-Au
phase diagram was determined by Karlsen et al. [34] as
shown in Fig. 6. Continuous solid solutions are formed
between Cu and Au and between the J-AuSn and
n-CugSns phases. Three ternary intermetallic com-
pounds, designated as A, B, and C, were found. The
compositional ranges are SnyoCuzgAus—SnyoCuszAuys,
Sny0CusoAu1-SnpoCuyrAusg, and  SnzzzCuszzAusze—
Snj333Cus97A U370, respectively. It can be noticed that all
the homogeneity ranges of the binary compounds and
the ternary compounds are all in the directions parallel
to Au-Cu side, indicating the Au and Cu atoms are
easier to interchange atomic sites with each other.
Peplinski and Zakel [35] investigated the Sn—Cu-Au
alloys by X-ray powder diffraction, and they reported
the existence of a ternary compound SnyCugAug with
compositional ranging from SnyCuyAu; to SnyCu;Auy.
This phase is in agreement with the A phase reported
by Karlsen et al. [34]. Luciano et al. [36] studied the
pseudobinary phase diagram, and they found the B
phase, a ternary compound, in the results by Karlsen
et al. is the ordered AuCu III’ phase. Although Au
surface is frequently encountered in electronic prod-
ucts, and the formation of the AuSn, phase causes

various problems [37], no interfacial reactions studies
of the Sn—Cu alloy with pure Au substrate are avail-
able.

Lin et al. [38], Wang and Chen [39] and Chen et al.
[40] experimentally determined the phase equilibria of
the Sn—Cu-Ni ternary system. Figure 7a is the 240°C
Sn—Cu-Ni phase equilibria isothermal section. No ter-
nary compounds have been found. Cu and Ni form a
continuous (Cu,Ni) solid solution, and Cu3Sn and Ni;Sn
formed a continuous (Cu,Ni);Sn solid solution [38]. It is
very distinguishable in the Sn—Cu-Ni system that the
binary compounds are with very extensive solubility,
but only along the direction parallel to the Cu-Ni side.
However, Murakami and Kachi [41] reported a phase

Au at%

Fig. 6 The 360°C isothermal section of the Sn—-Cu—Au ternary
system [34]
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Fig. 7 (a) The 240°C isothermal section of the Sn—Cu-Ni ternary system [38]. (b) Liquidus projection of the Sn—-Cu-Ni ternary system
(38]
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250°C isothermal phase equilibria tetrahedron of the Sn-Ag-
Cu-Ni system [50]. (d) The 95 at%Sn isoplethal section of the
liquidus projection of the Sn—-Ag—Cu-Ni system [49]

Fig. 8 (a) The 250°C isothermal tetrahedron of the Sn—Ag-Cu—
Ni system [48]. (b) Liquidus projection tetrahedron of the Sn—
Ag—Cu-Ni system [49]. (¢) The 95at%Sn isoplethal section of the
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transformation of this (Cu,Ni);Sn solid solution. A
continuous solid solution cannot exist if there is a phase
transformation. Lin et al. [38] marked dashed lines on
the 240°C phase diagrams regarding the inconsistency.
Oberndorff determined the isothermal section at 235°C
[42], and they reported the formation of a ternary
compound with an average composition Sng;Cuy;Nipg.
Fig. 7b is the liquidus projection of the Sn—Cu-Ni sys-
tem. At the Sn-rich corner which is of primary soldering
interests, there is a class I reaction, a ternary eutectic
liquid = Sn + Ni3Sn, + CueSns and a class II reaction,
liquid + Ni3Sny = Sn + NizSn,.

Miettinen [43] is the only work that has thermody-
namically modeled the Sn—Cu-Ni system but only at the
Cu-Ni side. A good description of the thermodynamic
models at the Sn-rich corner which is interesting to the
soldering application is still lacking. The interfacial
reactions between Sn—Cu/Ni have been examined by
various investigators [40, 44-47]. No ternary com-
pounds have been observed. It is found that the inter-
facial products are sensitive to Cu contents. When the
Cu is less than 0.4 wt%, Ni;Sny phase formed, and the
product is the CugSns phase when the Cu content is
higher. A peculiar interfacial reaction phenomenon has
been observed in the Cu/Sn/Ni type couples [40], and
the CueSns phase is formed on both sides of the Sn
solder. As shown in Fig. 7a, the CusSns phase has very
wide compositional homogeneity ranges, and thus the
CugSns phase can be stabilized with addition of Ni. The
very significant Ni and Cu mutual solubilities in the
CugSns phase and the NizSny phase result in compli-
cated cross effects, and is the primary reason for the
complicated interfacial reactions in the Sn—Cu/Ni cou-
ples. It is worth mentioning that owing to the very large
mutual solubilities, some researchers use (Cu,Ni)eSns
and (Cu,Ni);Sn, for the CugSns and NizSn, phases.

Chen et al. [48-50] determined the phase relation-
ship of Sn—Ag—Cu-Ni ternary system. A tetrahedron is
used for the description of the isothermal phase equi-
libria and for the liquidus projection as shown in
Fig. 8a, b. No ternary and quaternary compounds have
been found. Figure 8c,d are the 95at%Sn isoplethal
sections of the 250°C phase equilibria and the liquidus
projection, respectively. Since the CusSns phase and
the NizSn, phases contain negligible Ag, while the
AgsSn phase contains negligible Cu and Ni, the
CugSns—NizSnyedge of the four-phase tetrahedron is
very close to the Sn—Cu-Ni side of the Sn—-Ag—Cu-Ni
tetrahedron, and the Ag;Sn corner is nearly on the Sn—
Ag-Ni side. The compositional phase regimes consist-
ing Ag phases are very small which indicates the phase
relationship in most compositional part is similar to
that of Sn—Cu-Ni.

Various investigators have studied the Sn—-Ag—Cu/
Ni interfacial reactions [51-55]. In agreement with the
phase diagram studies, the interfacial reactions are
similar to those in the Sn—Cu/Ni couples [40, 44-47],
and the Ag does not actively participate in the inter-
facial reactions. The reaction products are sensitive to
Cu contents, and are either CugSns or NizSny phases.
Since Sn—Ag-Cu alloy is the most promising Pb-free
solder, phase diagram of the quaternary Sn—-Ag—-Cu-Ni
system is important for Pb-free soldering. For the
higher order materials systems, it is very difficult and
not practical to experimentally determine the phase
diagram through the whole temperature and compo-
sitional ranges. The CALPHAD (CALculation of
PHAse Diagrams) [56] approach combines thermo-
chemistry and phase equilibria. With the CALPHAD
approach, the phase diagram of the quaternary Sn—Ag—
Cu-Ni system can be calculated with the thermody-
namic models of their constituent ternary systems and
possible interaction parameters. The interaction
parameters can be determined with limited experi-
mental quaternary results [48-50]. Thermodynamic
models for the Sn—-Ag-Cu, Sn—Ag-Ni, and Ag-Cu-Ni
are available [18, 19, 28, 57], and the only important
part that is missing is a good thermodynamic descrip-
tion of the Sn—Cu-Ni ternary system.

3 Sn—Zn

Although Sn—Ag—Cu alloys are the most promising Pb-
free solders, their melting points are much higher than
that of the conventional Pb-Sn eutectic which is at
183°C. Various efforts have been carried out to
develop Pb-free solders of more suitable melting
points. The melting point of Sn—Zn eutectic alloy is at
198.5°C [58] and is closer to that of the eutectic Pb-Sn.
Besides, Sn—Zn eutectic has good mechanical proper-
ties and low cost, and is likely a good candidate [59-
66]. It has been recognized that poor wetting properties
and serious oxidation problems are the obstacles for
industrial applications of the pure binary Sn-Zn
eutectic alloys. Improvements are achieved with
introducing alloying elements and the results indicate
the Sn-Zn-based alloys are promising low melting
point solders [60, 63, 66].

As shown in Fig. 9, the binary Sn—Zn system is a
simple eutectic system. The eutectic is at 198.5°C and
Sn-8.8wt%Zn (Sn-14.9at%Zn), and the mutual solu-
bilities of Sn and Zn are negligible [58]. Thermody-
namic assessments of the Sn—-Zn binary system and
phase diagrams are calculated by Lee [67] and Ohtani
et al. [68]. The results by Lee [67] are satisfactory, and
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Fig. 9 The Sn-Zn binary phase diagram [58]

the calculated eutectic is at 198.25°C and Sn—
14.8at%Zn.

Ohtani et al. [68] carried out thermal analysis and
experimental phase equilibria studies of the Sn—-Zn-Ag
ternary system. They also developed thermodynamic
models and calculated the isothermal sections at 420
and 190°C and the liquidus projection. Figure 10a is
the 190°C isothermal section calculated by Ohtani
et al. [68]. No ternary compounds have been found,
and ternary solubilities of all the binary compounds are
very limited. The calculated Sn-rich corner of the
Sn-Zn-Ag liquidus projection is shown in Fig. 10b.
The calculated ternary invariant reaction of the lowest
reaction temperature is a class 1l reaction, liquid + e-
AgZn; = Sn + Zn, at 193.7°C. However, the binary
Sn-Zn eutectic temperature calculated by Ohtani et al.

J+uzBy+US)

100

£-AgZns y-AgsZns §-AgZn

Zn Ag wt%
—

[68] is at 181°C (as label on the figure, or at 191°C as
read directly from the figure) and is too low comparing
to the experimental value. The class II invariant reac-
tion might be a class I reaction if the binary eutectic
liquid = Sn + Zn is at 198.5°C. No interfacial reaction
studies between Sn-Zn alloys and Ag substrate are
available. Song and Lin [63] studied the solidification
behavior of the Sn-8.87wt%Zn-1.5wt%Ag (Sn-
14.99at%Zn-1.53at%Ag) alloy. They have found the
existence of y-AgsZng and e-AgZnsz, and they also
conclude that the intermetallic compound solidified
first. These observations are in agreement with
sequence predicted from the liquidus projection.
However, the reaction temperatures are different.
More experimental efforts and thermodynamic
re-assessment are needed for the Sn—-Zn-Ag system.
No phase diagram is available for the Sn—-Zn-Au
ternary system. Binary Au-Zn compounds are found
from the interfacial reactions between Sn-Zn solder
and Au finish [64, 65], and to date no ternary Sn—Zn—
Au compounds are reported. Lee et al. calculated the
phase diagram of Sn-Zn-Cu [69] with very limited
experimental results. Chou and Chen [70] experimen-
tally determined the isothermal sections of phase
equilibria at 210, 230 and 250°C. Figure 11 is the Sn—
Zn—-Cu 230°C isothermal section. No ternary com-
pounds have been found. However, in contrast to the
calculated results [69], the experimental results indi-
cate that Sn phase has tie-lines with the #-CugSns phase
and all the binary Cu—Zn compounds at 230 and 250°C.
Thermodynamic re-assessment of the Sn—-Zn—Cu ter-
nary system is needed, so that accurate phase diagrams

Fig. 10 (a) The 190°C isothermal section of the Sn-Zn-Ag ternary system [68]. (b) Liquidus projection of the Sn—Zn-Ag ternary

system at the Sn-rich corner [68]
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Fig. 11 The 230°C isothermal section of the Sn—Zn-Cu ternary
system [70]

can be calculated. Various groups have studied the
interfacial reactions Sn-Zn alloys reactions with Cu
substrate [59, 61, 62, 64-66, 71]. Even though the Zn
content is only 9 wt%, the interfacial reactions prod-
ucts are the Cu—Zn binary compounds with y-CusZng is
the most dominating reaction phase.

No phase diagrams are available for the Sn—Zn-Ni
ternary system. y-NisZn,; compound is the primary
interfacial reaction products in the Sn—-Zn/Ni couples
substrates [61, 6466, 71]. However, with 41 h reaction
at 280°C, besides the y-NisZn,; phase, a layer of Sn—
30.9at%Ni-16.3at%Zn composition is formed and it is
likely to be the §-NizSny phase with 16.3 at%Zn [71]. A
similar double layer formation is found in the Sn—
8wt % Zn-3wt%Bi/Ni couple reacted at 325°C, and be-

Fig. 12 The Sn-Bi binary

sides the y-NisZn,; phase, a layer of Sn-35at%Ni-
22at%Zn is formed [72]. Phase diagram study of the Sn—
Zn-Ni system is needed to verify whether the com-
pound is a thermodynamically stable or meta-stable
phase and whether it is a binary or ternary compound.

4 Sn-Bi

Sn-Bi alloy is another low melting-point Pb-free sol-
der. As shown Fig. 12, similar to the Sn—Pb system, the
binary Sn-Bi system is a simple eutectic system without
any intermetallic compound [10, 73, 74]. The eutectic is
at 139°C and Sn-57wt%Bi (Sn-42.95at%Bi). Kattner
and Boettinger [10] and Lee et al. [74] have developed
thermodynamic models to calculate the Sn-Bi phase
diagram, and the calculated results are in good agree-
ment with the experimental determinations.

Various groups have determined the phase diagrams
of the the Sn-Bi-Ag system [10, 75, 76]. No ternary
compounds have been found, and all the binary com-
pounds have negligible ternary solubilities. Figure 13a,
b are the 230°C phase equilibria isothermal section and
liquidus projection, respectively [10]. The liquidus
projections obtained by three groups most recently [10,
75, 76] are similar. All of the results suggest there are
one class I reaction, liquid = Sn + Bi+e-AgzSn, and
two class II reactions. The temperatures of the class I
reaction determined by the three groups are similar as
well, and are 136.5, 138.4 and 139.2°C, by Kattner and
Boettinger [10], Hassam et al. [75] and Ohtani et al.
[76], respectively. However, the temperatures of the
class II reaction, liquid+({ = e-AgzSn + Bi, are very
different at 238.6, 261.8, and 262.5°C, respectively.
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Fig. 13 (a) The 230°C isothermal section of the Sn-Bi-Ag ternary system [10]. (b) Liquidus projection of the Sn-Bi-Ag ternary system

(10]

Partial isothermal sections of the Sn—Bi—Au ternary
system at 139, 160, 200 and 240°C and the liquidus
projection at the Sn-rich corner in the Sn-Bi—-AuSn
compositional regime have been determined [77]. As
shown in Fig. 14a of the 200°C isothermal section, no
ternary compounds have been found in this tempera-
ture and composition regime. The Bi solubility in the
binary compounds, AuSn, AuSn, and AuSn, are neg-
ligible. Figure 14b is the partial liquidus projection,
and there is a class I reaction, liquid = Sn + Bi +
AuSny, at the Sn-rich corner. Interfacial reactions be-
tween Sn—-Bi and Au are examined in a new fluxless
bonding process in air using Sn-Bi with Au cap [78]. In

agreement with the phase diagrams, the intermetallic
compounds are Au-Sn binary compounds with almost
no detectable Bi [78].

Lee et al. [69] calculated the phase diagrams of the
Sn-Bi-Cu ternary system with the thermodynamic
models developed from extension of those of the
constituent binary systems without ternary interaction
parameter. Doi et al. [79] experimentally examined the
phase boundaries with DSC and developed thermo-
dynamic models with a ternary interaction parameter
of the liquid phase for the Sn—-Bi-Cu system. No ter-
nary compounds are found, and all the binary com-
pounds are with negligible solubility [79]. Figure 15a, b

0 10 20 30 40 50 60 70 80 90 100

Bi Au at% Au
—

Au

Au at%
—_—

Fig. 14 (a) A partial 200°C isothermal section of the Sn—Bi—Au ternary system [77]. (b) A partial liquidus projection of the Sn-Bi-Au

ternary system [77]
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Fig. 15 (a) The 250°C isothermal section of the Sn-Bi-Cu ternary system [69]. (b) The liquidus projection of the Sn-Bi-Cu ternary

system [79]

are the 250°C isothermal section and the liquidus
projection [79]. A class I reaction, L = Sn + Bi + ¢is at
140.1°C  and  Sn-54.6wt%Bi-0.014wt%Cu  (Sn—
40.6at%Bi-0.034at%Cu). Lee et al. [69] predicts the
interfacial reaction products between Cu and Sn-—
58wt%Bi to be the 7-CusSns phase, which is in agree-
ment with the experimental determinations by Vianco
et al. [80] and Yoon et al. [81].

Figure 16 is a 300°C phase equilibria isothermal
section of the Sn—Bi-Ni system proposed by Lee et al.
[82] based on phase diagrams of the three binary
constituent systems and very limited phase equilibria
measurement. There have been no experimental phase

NiBi+NiaSn-+(Ni)

0 10 20 30 40 5 60 70 80 90 100
Bi  NiBis NiBi i Wt Ni
Ni wt%,

Fig. 16 The 300°C isothermal section of the Sn-Bi-Ni ternary
system [82]

equilibria measurements available except the work of
Lee et al. [82]. No ternary compounds have been found
and the ternary solubilities of the binary compounds
are negligible. NizSn, phase has tie-lines with all the
other compounds and the liquid phase. The interfacial
reaction product in the Sn-58wt%Bi/Ni couples is the
Ni;Sn, phase [81-83]. Lee et al. [82] studied the Sn—Bi/
Ni interfacial reactions at 300°C with Sn—Bi alloys of
various compositions, and they found that the NiBi;
phase would form when the Bi content was higher than
97.5 wt% (95.7 at%).

5 Sn-Zn-Bi

Sn-Zn-Bi alloys are also possible candidates as Pb-free
solders [84-86]. Malakhov et al. [84] carried out
thermodynamic assessment and calculated phase dia-
grams of the Sn—Zn-Bi system. Figure 17a, b are the
170°C isothermal section and liquidus projection,
respectively. There are no intermetallic compounds in
this system. Both Sn—Zn and Bi-Zn are simple eutectic
systems without binary compounds, and the Bi-Zn
system has a monotectic and a eutectic reaction [85].
As shown in Fig. 17b, the liquid miscibility gap of the
binary Bi-Zn system extends into the ternary system.
The class I reaction, liquid = Bi + Sn + Zn, is at 130°C
and at Sn-54.54wt%Bi-2.71wt%Zn (Sn-39.39at%Bi-
6.25at%Zn). As mentioned previously, the Sn-
8wt%Zn-3wt%Bi/Ni couple reacted at 325°C has been
examined. Besides the y-NisZn,; phase, a layer of Sn—
35at%Ni-22at%Zn was formed as well [72].
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Fig. 17 (a) The 170°C isothermal section of the Sn-Bi-Zn ternary system [84]. (b) The liquidus projection of the Sn—-Bi-Zn ternary

system [84]

6 Sn-In

Sn-In alloys have low melting temperatures, high
ductility, low substrate dissolution, and good fatigue
properties [4, 87-90]. Even though In is expensive, Sn—
In alloys are used in various occasions, especially when
low soldering temperature is required. Okamoto [91]
had a review of the available experimental phase
equilibria. Lee et al. thermodynamically modeled the
binary Sn-In system and calculated the phase diagram
[74]. Figure 18 is the Sn—In binary phase diagram. Both
of the intermetallic compounds, § and y, are with large
compositional homogeneity ranges. Solution models

Fig. 18 The Sn-In binary
phase diagram [91]

were used for the descriptions of these two compounds
[74]. The eutectic temperature and composition as-
sessed by Okamoto [91] and Lee et al. [74] are 120°C,
Sn-51.7wt%In (Sn-52.5at%In) and 118°C, Sn-—
52.5at%]In, respectively.

Korhonen and Kivilahti [92] and Liu et al. [93]
studied the Sn—In-Ag ternary system both experimen-
tally and by thermodynamic modeling. Most recently,
Vassilev et al. [94] experimentally determined the Sn—
In-Ag equilibrium phase relationship. Isothermal sec-
tions at temperatures varied from 113 and 400°C are
reported [92-94]. As shown in Fig. 19a of the 180°C
isothermal section, no ternary compounds have been
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0
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Fig. 19 (a) The 180°C isothermal section of the Sn-In-Ag ternary system [93]. (b) The liquidus projection of the Sn-In—-Ag ternary

system [93]

found. A continuous solid solution is formed between
the { phase in the Ag—-Sn and Ag-In systems. However,
except for the solid solution, all the other binary com-
pounds do not have significant ternary solubilities.
Figure 19b is the calculated liquidus projection. The
calculated invariant reaction with the lowest reaction
temperature is the class I reaction, liquid = Sn + y-In-
Sny + Agyln, at 114°C and Sn-52.2wt%In-0.9wt%Ag
(Sn-52.98at%In-0.97at% Ag) [93]. The results are in
agreement with experimental determinations. Liu and
Chuang [95] and Cheng et al. [96] determined the
interfacial reactions between the Sn—In alloys and Ag

Fig. 20 The 227°C isothermal
section of the Sn-In-Au
ternary system [98]

substrate. In agreement with phase diagram studies,
they reported the formation of the Ag,In and Agln, but
no ternary compound. Since Agln, phase is not stable
at most of the reactions temperatures, formation of the
Agln, phase is likely by precipitation from soldering
instead of by interfacial reactions.

Phase diagrams of the Sn—In-Au ternary system has
been experimentally determined and assessed [97]. A
ternary compound, Auyln;Sns, with Pt,Sn; has been
found. Liu et al. [98] developed thermodynamic mod-
els to calculate the phase diagrams at 27, 227, 427°C
[98]. As shown in Fig. 20 of the calculated 227°C

\_ A\
920 80 7P
B(AuIn) Augln,

60 20 10 0 In

50 40 30
Auln Auln,
at% of Au
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isothermal section, two continuous solid solutions are
formed at the Au-rich corner, f-Au;oSn and oy-
Augglny, and the { phase in Au-In and in Au-Sn sys-
tems. Liu et al. [98] also indicated that the AuyIn;Sn;
was stable in the temperature range from 82 to 428°C,
and it melted congruently. Chuang et al. [99] examined
the Sn—49wt%]In solder ball reactions with the Au/Ni/
Cu UBM. They found the interfacial reaction products
were Auln,/Auln when the temperature was below
170°C, an it transformed into Auln, when the tem-
perature was higher than 220°C. The reaction Au-In
compounds have significant Ni solubility. Kim and Tu
[100] examined the interfacial reactions of 77.2Sn—
20In-2.8Ag/Au at 200°C. An Auln, type AuslnsSn
compound was formed, and after 60 s, the phase
decomposed and an Au,Sn;In phase was formed. Since
both compounds are not found in the Sn—In-Au phase
diagrams, they might be meta-stable phases.

Koster et al. [101] determined the phase equilibria
of the Sn—In—Cu ternary system at the Cu-rich side, but
the phase equilibria close to the In-Sn side which is of
primary soldering interests is lacking. At 400°C, two
ternary compounds and a continuous solid solution
formed between the 1-Cu,In and the #-CueSns phases
are observed. Liu et al. [102] determined the phase
equilibria of the Sn—In—Cu system both by thermody-
namic calculation and experimental determination.
They have found only one ternary compound,
Cuy6In3Sn at higher temperature, and a ternary com-
pound Cu,InsSn at 110°C. Liu et al. [102] also calcu-
lated the isothermal sections at various temperatures
using thermodynamic models developed by them. Lin
et al. [103] experimentally determined the phase dia-

0 & ./ \\ Y
Cu 100 70 60 40 30 oln
Cusln:  Cuyyng

at% of Cu

grams. Figure 21a is the 250°C isothermal section of
the Sn—In—-Cu system [103]. They confirmed the for-
mation of the continuous solid solutions; however, they
do not observe the formation of ternary compounds.
Significant solubilities are found for the &-Cu3;Sn with
In and for the Cu;In; with Sn. Figure 21b is its liquidus
projection determined by Lin et al. [103]. The result is
similar to that calculated by Liu et al. [102]. However,
the Sn—Cu phase diagram calculated by Liu et al. is
different from those by Shim et al. [12] and Boettinger
et al. [13]. The Sn—Cu phase diagram by Liu et al. does
not have the peritectic reaction, liquid + f = 7y, thus
the liquidus trough originated from this binary peri-
tectic is missing in the Sn-In—-Cu liquidus projection
proposed by Liu et al.[102].

Romig et al. [104] studied the interfacial reactions of
the Sn-50wt%In/Cu couples at 70 and 90°C, and
Cuy(Sn,In) and Cu,In;Sn were found. Vianco et al.
[105] examined the Sn—-50wt%In/Cu couples at tem-
peratures varied from 55 to 100°C, and they found the
formation of CuyeSnyzIng and Cuy7Snglnyy. It is pre-
sumed these two phases are the 7-CusSns with high In
solubilities, and Culn, with high Sn solubility. Chuang
et al. [106] studied the Sn-51wt%In/Cu couple at
150-400°C, and they found e-Cuz(In,Sn) and
n-Cug(In,Sn)s. Sommadossi et al. [107] studied the
interfacial reactions of the Sn-52at%In/Cu couples.
They found the formation of #-CusSn at 180°C, and
e-CuzSn and 5-CugSns at 290°C. The compositions of
these phases are Sn-27at%In-57at%Cu and Sn-
10at%In-77at% Cu, respectively. Kim and Jung [108]
studied the Sn-52at%In/Cu interfacial reactions at 70—
100°C, and they found the formation of the Cu(In,Sn),

Cu 100 9 80 60 50 40 30 20 10\ °In
at% of Cu

Fig. 21 (a) The 250°C isothermal section of the Sn—In—Cu ternary system [103]. (b) The liquidus projection of the Sn-In—Cu ternary

system [103]
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and Cug(In,Sn)s phases. The reaction products can be
well interpreted with the isothermal section as shown
in Fig. 21a except for the Culn, phase. The Culn,
phase is likely a metastable phase since it is not found
in the binary Cu-In system either [102].

Burkhardt and Schubert [109], Bhargava and Schu-
bert [110], and Shadangi et al. [111] determined the
phase relationship of the Sn—In-Ni ternary system at
higher temperature and at the Ni-rich corner. Burk-
hardt and Schubert [109] reported a continuous solid
solution formed by NisSn and NizIn. Bhargava and
Schubert [110] indicated the existence of the ternary
compound NigInSns, and one more solid solution
formed by NisIn, and Ni3Sn,. Huang and Chen [112]
examined the phase diagram at lower temperature at
240°C. As shown in Fig. 22 of the 240°C Sn-In-Ni
isothermal section, they found the continuous solid
solution between NizIn and NizSn. They also found
most of the binary compounds have significant solu-
bilities but did not find the ternary compound. Huang
and Chen [112] examined the Sn-In/Ni interfacial
reactions at 160 and 240°C, and they found NizSny is
the primary reaction products and the NiygIn;, phase is
formed only in the couples prepared with In-rich al-
loys. Kim and Jung [113] examined the intermetallic
compound layer growth between In and Sn-52at%In
with Ni/Cu substrate at 70-120°C. They found the
formation of Iny;Ni;g and Ni3(In,Sn), for indium and
the Sn-In alloy, respectively. The very extensive solu-
bility found in the NizSn, phase by Kim and Jung [112]
is in agreement with the phase diagram determination
[112]. Chuang et al. [114] studied the interfacial reac-
tions between the Sn—20wt%In-2.8wt%Ag with Ni
substrate, and they also found the formation of Ni;Sny

Sn

0

100

/ 2 100
NisIn NnIn NSy Niln Niohy  Nigging,

S 100 90 80 70 0 50 40 30 2 1 0

Ni '© % 0 0 60 50 0 30 20 10 0Jp

at% of Ni

Fig. 22 The 240°C isothermal section of the Sn—In-Ni ternary
system [112]

phase. However, no significant In solubility in the
NizSny phase was found.

7 Sn-Sb

Because of the requirements of step soldering, solders
of different melting points are needed. Although there
are very intensive studies of Pb-free solders for
replacing the low-melting-point eutectic Sn—Pb, very
few efforts are found for the replacement of high
temperature Sn-95wt%Pb and Sn-90wt%Pb solders.
Sn-Sb and Sn—-Sb based alloys are promising Pb-free
solders. This is especially true of Sn-5Swt%Sb
(Sn—4.53at%Sb), which is used as high temperature
solder [115-117].

Predel and Schwermann [118] carried out phase
equilibria study of the Sn—Sb system, and proposed the
diagram as shown in Fig. 23 based on their experi-
mental determinations and the phase equilibria results
in the literatures. There are three peritectic and one
eutectoid reactions. The temperature of the peritectic
reaction at the Sn side, liquid + Sn;Sb, = Sn, is at
250°C. The Sn3Sb, compound has negligible composi-
tional homogeneity and is stable only in a short tem-
perature range between 242°C and 324°C. Jonsson and
Agren [119] analyzed the experimental thermody-
namic and phase equilibria data and developed ther-
modynamic models. The intermetallic § phase has
large compositional homogeneity range and is
described by using two-sublattices models. The Sn;Sb,
is treated as a line compound. The calculated Sn-Sb
phase diagram using the developed models is in good
agreement with the experimental determinations as
shown in Fig. 23.

Oh et al. [120] and Moser et al. [121] thermody-
namically assessed the ternary Sn—-Sb-Ag system, and
calculated the isothermal sections, isoplethal sections,
and liquidus projection. Figure 24a is the calculated
100°C isothermal section of the Sn-Sb-Ag phase
equilibria [121]. No ternary compounds have been
found. Two continuous solid solutions are formed, and
they are the (-Ag4(Sb,Sn) and the e-Ag;(Sb,Sn). Fig-
ure 24b is the calculated liquidus projection. The cal-
culation result is in agreement with the experimentally
determined liquidus projection by Masson and Kirk-
patrick [122]. The invariant reaction at the Sn corner
with the lowest reaction temperature is a class II
reaction, liquid + Sn3;Sb, = e-Ag3(Sb,Sn) + Sn.  The
reaction temperatures and composition of the liquid
are 235°C and Sn-6at%Sb-5at%Sb and 231.5°C and
Sn-6.2at%Sb-3.4at%Sb as calculated by Oh et al.
[120] and Moser et al. [121], respectively.
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Fig. 23 The Sn-Sb binary
phase diagram [118] 0
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A thermodynamic assessment of the Sn-Sb-Au
ternary system was conducted by Kim et al. [123] and
they also calculated its isothermal sections, isoplethal
sections and liquidus projection. Figure 25a, b are the
isothermal section at 200°C and the liquid projection,
respectively. No ternary compounds have been ob-
served. The AuSb, is with about 15at%Sn solubility;
however, the Sb solubility in AuSn, is negligible. As
shown in Fig. 25b, the invariant reaction at the Sn-rich
corner with the lowest reaction temperature is a class II
reaction, liquid + Sb,Sn; = Sn + AuSny at 491°C.

There are no phase equilibria studies of the Sn—Sb—
Cu system. Jang et al. [116] and Takaku et al. [124]

-Ag«(Sb,Sn)
10
(Ag)
0
0 10 20 30 40 50 60 70 / 80 90 100
Sb e-Agsbsn)  Ag

Ag at%
—_—

s e 70
Weight Percent Antimony

T T
40 80 90 100

Sb

examined interfacial reactions of the Sn—Sb solders on
Cu substrates. They found the formation of &-CuzSn
and 7-CugSns phases. Jang et al. [116] also found the
formation of Sn3Sb, phase in the Sn-15wt%Sb (Sn—
14.68at%Sb) couples. No ternary compounds were
reported in both studies [116, 124]. Available phase
diagrams of the Sn—Sb-Ni ternary system are all at the
Ni-rich corner and their temperatures are at 450°C and
500°C [125]. No phase equilibria information of the
Sn—Sb-Ni ternary system is at the temperature and
compositional ranges of soldering interests, and no
interfacial reactions studies of the Sn—Sb/Ni have been
found either.

£-Ags(Sb,Sn)

100

20 30 40 50 60

Ag wt%
—_—

70

0
Sb

Fig. 24 (a) The 100°C isothermal section of the Sn—-Sb—Ag ternary system [121]. (b) The liquidus projection of the Sn—-Sb—Ag ternary

system [121]
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Fig. 25 (a) The 200°C isothermal section of the Sn—Sb-Au ternary system [123]. (b) The liquidus projection of the Sn—Sb-Au ternary

system [123]

8 Conclusions

Phase diagrams are the roadmaps for the exploration
of materials technology. Bird’s-eye views of the phase
diagrams of Pb-free solders and their related materials
systems are mostly available. However, complete and
accurate phase diagrams are lacking for almost all the
ternary and quaternary systems. Experimental deter-
minations of the multi-component phase diagrams over
the entire compositional and temperature ranges of
soldering interests are extremely difficult if not
impossible. The CALPHAD approach which combines
thermodynamic models of constituent binary systems
and limited phase equilibria data of ternary and qua-
ternary systems is suitable for the phase diagram
determinations of higher order materials systems, but
the calculated phase diagrams cannot be accurate
without the input of reliable experimental values at
some critical points. Only after the first-step calcula-
tion, the critical points can be pointed out and exper-
imental efforts can be carried out with focus. Close
cooperation and interaction between phase diagram
calculation and experimental determination are crucial
for the determinations of Pb-free solders and their
related materials systems.
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