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ABSTRACT
This paper compares three commercial lead-free solders;
CASTIN™®, Babbitt and SAC-I and their modified
compositions in terms of mechanical and soldering
properties. Solders tested are six alloys with different
compositions in the range of (major elements): Sn/Cu(0.74)/Ag(0-4)/Sb(0.5-8)/Bi(0-3)/Ni(0-0.15).
Effects
of
alloying elements on the thermal behavior (melting and
solidification), wetting force, contact angle, spreading,
tensile and hardness properties are studied. Based on
preliminary results an alloy modification is made and its
properties are compared and discussed against the
commercial creep resistant solder alloy, i.e. SAC-I.
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antimony (Sb) and nickel (Ni) can improve the
mechanical performance of solder alloys. Bismuth
dissolves in the tin matrix and improves strength and
creep resistance due to the solid solution hardening effect
[6]. It has also been reported that antimony in solution (in
Sn) has only a minor effect on the creep resistance [7],
however, alloys with higher concentrations of antimony
show a uniform distribution of Sn/Sb precipitates which
provide a profound strengthening effect reducing the
creep rate of the alloy [8]. Nickel is marginally soluble in
tin and forms an intermetallic compound phase that can
increase strength due to precipitation hardening and also
reduces the sliding of the grain boundaries which
improves creep performance [9]. In this paper, therefore,
we study mechanical and soldering properties of an alloy
developed for high operating temperature named SAC-I
and compare it with commercial lead-free alloys;
CASTIN™® and Babbitt and their modifications.

INTRODUCTION
Solder plays an important role in the assembly and
interconnection of electronic materials. Traditionally, SnPb alloy has been the major solder alloy for electronic
owing to its low cost and performance. The eutectic 63Sn37Pb solder has preferred soldering characteristics and
reliability for microelectronic assembly. However, the
inherent toxicity of lead and associated environmental and
public health concerns is driving the microelectronic
industries to seek suitable solder alloys to replace
traditional Sn-Pb solder alloy [1-4]. Many lead-free solder
alloys have been developed and investigated as
alternatives for the conventional eutectic Sn-Pb. Among
the lead-free alternatives, Sn-Ag-Cu (SAC) alloys have
received the most attention and regarded as the de facto
replacement for Sn-Pb solders.
The increasing demand for high reliability electronics in
the automobile industry is driving the electronics industry
to seek for solders that can tolerate temperature
fluctuations between cold and hot extremes. The
traditional lead-free SAC alloys have poor creep
resistance in harsh service environments [5]. During
aging, SAC alloys undergo substantial microstructure
evolution which manifests itself as a change in
mechanical behavior as shown in Fig.1. Such a
degradation of mechanical strength represents a
significant problem for solder joint reliability. The
addition of alloying elements such as bismuth (Bi),

Figure 1. Tensile stress-strain curves of SAC305 solder
alloy: ‘as-cast’ vs. aged specimens. Aging at 150°C for 18
hrs. drops the tensile strength nearly 50% and increases
ductility.
EXPERIMENTAL
Five alloys were prepared in an electric pot with graphite
crucible. The composition of solder alloys was analyzed
by arc emission spectroscopy is shown in Table 1. The
molten alloys were cast into flat dog-bone shape in a
stainless steel mold for tensile testing. The tensile
specimens with the dimensions shown in Fig.2 were
annealed at 125°C for 96 hr. to remove any residual stress

or inhomogeneity induced during the sample preparation.
Tensile tests were performed at room temperature with a
constant strain rate of 10-3 s-1. For each alloy at least five
specimens were tested to ensure reproducibility of the
tensile test results. Hardness of all the specimens was also
measured by Vickers microhardness testing machine with
25 gf load and 15s impression time.
Table 1. Compositions of solder alloys
Alloy
Cu Bi Ag Sb

Ni

Sn

SAC-I
CASTIN™®
Babbitt
Babbitt-A
Babbitt-B

0.15
0.07
0.07
0.07

Bal.
Bal.
Bal.
Bal.
Bal.

0.7
0.7
3.6
3.6
3.6

3
3

3.8
2.5
2
-

1.4
0.5
7.5
7.5
7.5

Thermal behavior of the alloys was investigated with
differential scanning calorimetry (DSC). A piece of 2025mg alloy was heated in an aluminum cell at heating rate
of 10°C/min up to 300°C under nitrogen atmosphere
followed by cooling to room temperature (ROC) at 10°C/min. Each alloy was tested twice and the reading
was based on the second run.
25mm

6mm

6mm

Figure 2. Dimensions of flat bar tensile specimen.
Wettability is a critical factor when evaluating the
performance of a solder alloy. The wetting process is
dynamic during soldering and the solid/liquid interfacial
tension between solder and substrate varies as the wetting
proceeds. Wettability can be quantified with wetting
balance technique that measures wetting force between
molten solder and solid substrate versus wetting time.
Wettability of the alloys was therefore quantified with
wetting balance technique. A copper plate coupon
(25mm×6mm×0.5mm) used as the substrate was
immersed in a bath of liquid solder alloy and the wetting
force was measured with time. A commercial alcohol
based no clean flux (AIM NC 265) was used to clean the
substrate surface. Each test was repeated three times and
the average value was reported.
Wetting contact angle (Fig. 3) was measured for selected
alloys by means of Drop Shape Analyzer (DSA 100)
Kruss machine. Using a commercial water based no clean
liquid flux (AIM NC 275) 50±2mg solder alloy was
melted on a smooth copper plate at 260°C and the contact
angle was measured in the liquid state. The results are
average of five testing measurements.

Figure 3. Sessile molten solder drop on copper plate. The
contact angle ϴ is a function of interfacial tensions (γ)
between solid (S) liquid (L) and vapor (V) phases.
The specimens for microstructural observation were
successively ground on progressively finer papers from
360 grit to 800 grit. Polishing was performed using 1 μm
diamond suspension followed by 0.05 μm alumina
suspension followed by washing with alcohol. The
specimens were subsequently etched by immersing in a
solution of 2% (by volume) hydrochloric acid (HCl) and
5% nitric acid (HNO3) in methanol for about 5-15 s. Right
after etching the specimens were washed with alcohol.
Microstructures of selected alloys were observed with
optical microscope.
RESULTS AND DISCUSSION
DSC heating curves (heat flow versus temperature) are
shown in Fig. 4. The valleys stand for intense
endothermic phase transitions, i.e. melting. Except for
Babbitt-A that shows two peaks (valleys) other alloys
have one endothermic melting peak. For onset melting
temperature (solidus) determination linear extrapolation
method is utilized and the results are depicted in Fig. 5.
Babbitt melts at a high temperature, 237°C, but adding Bi
or Ag to Babbitt reduces the melting temperature. It is
interesting to note that 2% Ag has a more significant
effect on reducing the melting point (i.e. 13°C) as
compared to the addition of 3% Bi (i.e. 6°C). In other
words, Ag is a much more efficient element to lower the
melting temperature of Babbitt alloy as compared to Bi.
Tensile stress-strain curves of the alloys in fig. 6 show
that SAC-I has a higher strength compared to Babbitt, but
addition of Bi increases the strength of Babbitt by solid
solution strengthening mechanism and at the same time
makes it less ductile. Ag has little effect on tensile
behavior of Babbitt. Comparatively, CASTIN™® is the
weakest but the most ductile alloy in Fig. 5. Furthermore,
consistent with tensile test results, hardness data (Fig. 7)
also demonstrates Babbitt-B as the hardest alloy and
CASTIN™® as the softest alloy in this study.
In order to better understand effect of alloying elements
on microstructure and mechanical behavior of the alloys,
phase equilibria calculation was carried out by means of
the FactSage™ thermodynamic software [10]. The
calculated weight percent of major phases present in each
alloy is illustrated in Table 2. The equilibrium

microstructure of Babbitt alloys consists of large amount
of precipitates Sb/Sn and Cu6Sn5 whereas SAC-I has
much lower precipitate phases. This leads to a conclusion
that the high strength of SAC-I which is comparable to
Babbitt alloys is attributed to solid solution strengthening
of Bi and perhaps precipitation hardening effect of Ni
elements. CASTIN™ is a relatively soft alloy because
does not contain large amount of solid solution and
particle strengtheners.
Optical microstructures of the hardest and softest alloys,
i.e. Babbitt-B and CASTIN™, as well as SAC-I are
shown in Fig. 8. It is illustrated that CASTIN™ is a
eutectic type dendritic microstructure, whereas Babbitt-B
comprises Sn-rich matrix (dark color) and large SnSb (β
phase) and small Cu6Sn5 particles (η phase). SAC-I
microstructure shows similar but lower amount of
precipitates as that of Babbitt-B. The presence of these
particles as well as the dissolution of bismuth in tin
increases the strength of the alloy through solid solution
and precipitation strengthening mechanisms. This is
reflected in the mechanical behavior of the alloys
presented in Fig.6 and Fig.7.
The wetting balance test results shown in Fig. 9 depicts
that bismuth and silver additions similarly improve
wettability of Babbitt by increasing wetting force and
reducing wetting time demonstrated with the shifting
wetting curve towards top left of Babbitt curve.
Comparatively, SAC-I and CASTIN™ have better
wetting behavior with a higher wetting force and shorter
wetting time. Moreover, the wetting appearance of the
solders demonstrated in Fig. 10 ranks CASTIN™ as the
best solder with a smooth surface whereas other alloys’
surfaces are fairly rough.

Figure 4. Heating curves (heat flow vs. temperature) of
the alloys at the heating rate 10°C/min.

Figure 5. Solidus temperature of the alloys determined by
intersection method on DSC curves.

Figure 6. Tensile stress-strain curves.

Figure 7. Hardness of the alloys in the annealed condition
Table 2 Equilibrium calculated wt% of major phases in
microstructure of the alloys
Alloy
Babbitt-B
SAC-I
Babbitt-A
Babbitt
CASTIN™

Sn
73
88
72
75
94

AgSb
0
5.5
2.9
0
3.6

SbSn
16
2.4
15
15
0.6

Ni3Sn4
0.3
0.8
0.3
0.3
0

Cu6Sn5
9
1.5
9
9
1.7

(Babbitt-B)
Figure 9. Wetting force balance curves of the alloys at
290°C.

(SAC-I)

(CASTIN™)
Figure 8. Optical micrographs of solder alloys: Babbitt-B
(top), SAC-I (middle) and CASTIN™ (bottom).

CASTIN™ SAC-I
Babbitt Babbitt-B Babbitt-A
Figure 10. Wetting appearance of solder alloys obtained
from wetting balance test.
Considering melting, wetting and mechanical behavior of
the alloys studied, CASTIN™ and SAC-I are better
choices for further evaluation. One drawback of SAC-I
alloy, however, is its poor formability due to the high
content of strengthening alloying elements. It is too hard
to draw and make solid and cored wire. CASTIN™
formability is superior to SAC-I and can be drawn easily,
however, it has lower mechanical and creep resistance.
Thus, an attempt was made to improve the mechanical
performance of CASTIN™ while maintaining its
formability properties. Fig. 11 illustrates that a modified
composition CASTIN™ alloy has similar melting
behavior and tensile strength with much better formability
as compared to SAC-I. This new alloy also demonstrates
slightly better wetting behavior with smooth and
continuous wetting balance curve as compared to that of
SAC-I (Fig. 12). Wetting contact angle of the two alloys
are comparable as illustrated in Fig. 13.

(DSC curves)

Figure 13. Comparison of measured wetting contact
angle of modified CASTIN™ against SAC-I.

(Stress-strain curves)
Figure 11. Heating curves (top) and tensile behavior
(bottom) of modified CASTIN™ against SAC-I.

Figure 12. Wetting force balance curves of the modified
CASTIN™ and SAC-I at 262°C.

SUMMARY
Soldering and mechanical properties of the following
commercial lead-free solder alloys have been studied. The
alloys investigated are:
Babbitt (3.6Cu/7.5Sb/0.07Ni),
Babbitt-A (Babbitt+2Ag),
Babbitt-B (Babbitt+3Bi),
SAC-I (0.7Cu/3Bi/3.8Ag/1.4Sb/0.15Ni) and
CASTIN™ (0.7Cu/2.5Ag/0.5Sb) (balance is Sn).
The following conclusions are drawn from this work:
• Melting temperature (Tm) of Babbitt is too high
(237°C), but addition of Bi and in particular Ag
reduce Tm. SAC-I shows the lowest melting
temperature (212°C).
• Babbitt alloys and SAC-I show high strength and
hardness with low ductility. Babbitt-B is very
brittle while CASTIN™ is the most deformable
alloys studied.
• Wetting behavior of SAC-I and CASTIN™ are
equally good wheres Babbitt alloys show poor
wettability.
Based on the soldering and mechanical data obtained
from the mentioned alloys a new alloy named “modified
CASTIN™" has been developed that shows comparable
melting temperature, wettability and strength and better
ductility with respect to SAC-I alloy. Further studies are
required to investigate creep properties and solder joint
reliability of the alloy.
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