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Effect of Indium Content

on the Melting Point, Dross,
and Oxidation Characteristics
of Sn-2Ag-3Bi-xin Solders

This paper presents the effect of indium (In) content on the melting temperature, wettabi-
lilty, dross formation, and oxidation characteristics of the Sn-2Ag-3Bi-xIn alloy. The
melting temperature of the Sn-2Ag-3Bi-xIn alloy (2 <x <6) was lower than 473 K. The
melting range between the solidus and liquidus temperatures was approximately 20K,
irrespective of the indium content. As the indium content increased, the wetting time
increased slightly and the maximum wetting force remained to be mostly constant. The
dross formation decreased to approximately 50% when adding 1In to Sn-2Ag-3Bi, and no
dross formation was observed in the case of Sn-2Ag-3Bi-xIn alloy (x> 1.5) at 523K for
180 min. Upon approaching the inside of the oxidized solder of the Sn-2Ag-3Bi-1.5In
alloy from the surface, the O and In contents decreased and the Sn content increased
based on depth profiling analysis using Auger electron spectroscopy (AES). The mecha-
nism for restraining dross (Sn oxidation) of Sn-2Ag-3Bi alloy with addition of indium
may be due to surface segregation of indium. This is due to the lower formation energy of
indium oxide than those of Sn oxidation. [DOI: 10.1115/1.4023529]
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1 Introduction

It is important to use unhazardous elements while developing
lead-free solder alloys for electronics packaging. Further, the alloy
should be designed such that its melting temperature is as low as that
of the Sn-37Pb solder (456 K). Except for the melting temperature,
there are many properties needed for the solder development such as
wettability, dross formation, flux compatibility, mechanical proper-
ties, and thermal/electrical conductivities [1]. A low-temperature sol-
der is required for minimizing heat damage and warpage during the
process and for increasing the package density, e.g., for packaging
on both sides of a printed circuit board (PCB). Numerous studies
have been conducted on alloys based on Sn-Bi [2], Sn-Zn [3-7], and
Sn-Ag [8-11]. The most widely used solder in electronics packaging
is the Sn-3Ag-0.5Cu solder [12,13]. However, its melting tempera-
ture is approximately 34 K higher than that of the Sn-37Pb solder
and it is not suitable for manufacturing mobile products because of
its low drop shock reliability [14,15].

A number of studies on the characteristics of the Sn-Ag-Bi alloy
have been conducted in the recent years [16-20]. The National Insti-
tute of Standards and Technology (NIST) in U.S. and Kattner and
Boettinger presented the ternary phase diagram for Sn-Ag-Bi system
and reported that the addition of bismuth (Bi) to the Sn-Ag alloy
decreased the solidus and liquidus temperatures simultaneously
[20,21]. However, the addition of Bi induces the lift-off phenom-
enon [18]. Therefore, a solder alloy with a low content of Bi, such
as Sn-3Ag-(2-3)Bi and Sn-3.4Ag-4.8Bi, was developed. Further, in
order to decrease the melting temperature and improve the drop
shock reliability, indium was added to the Su-Ag [8,22,23], Sn-Ag-
Bi, Sn-Ag-Cu [24] system to form customized alloys such as Sn-
3.5Ag-3Bi-In, Sn-3Ag-2.5Bi-2.5In and Sn-2.5Ag-3Bi-1In-0.2Cu. In
particular, the melting temperature of the Sn-Ag-Bi-In alloys is as
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low as 458-488 K, which is relatively lower than those of the Sn-Ag
and Sn-Cu alloys and relatively close to that of the Sn-Pb alloy.
However, to the best of the authors’ knowledge, a very limited num-
ber of studies have been conducted on the effects of indium on the
Sn-Ag-Bi system [25]. In this study, the effect of indium content on
the melting temperature, wettability, dross formation, and oxidation
of the Sn-2 wt. %0Ag-3 wt. %Bi (i.e., Sn-2Ag-3Bi) system is investi-
gated. The characteristics of the Sn-37Pb solder was compared with
those of the Sn-Ag-Bi-In solder in order to assess its possible appli-
cations in preparing electronics packaging.

2 Experimental Procedure

The materials used in the experiment were melted in Ar atmos-
phere in an electric furnace, followed by casting to a diameter of
15 mm and length of 110 mm in a Cu mold. Differential scanning
calorimetry (DSC) was used to investigate the melting tempera-
ture and melting range of the specimen. The specimen was sub-
jected to a peak temperature of 573K in air and then cooled to
room temperature at a cooling rate of 10 K/min. The melting tem-
perature was determined by taking the average of the values
obtained from three tests conducted on each alloy composition.

The wettability test was conducted by using the meniscus
method of the globule type. The time to buoyancy corrected zero
value (zero cross time) and the maximum wetting force were
measured as a function of the indium content, i.e., Sn-2Ag-3Bi-
6In, Sn-2Ag-3Bi-4In, Sn-2Ag-3Bi-2In, and Sn-2Ag-3Bi. The wet-
ting specimen had a weight of 200mg, immersion depth of
0.3 mm, immersion time of 5s, soldering temperature of 528 K,
and flux with RH-15SH-RMA type. The wetting time and force
were determined by taking the average of the values obtained
from 15 tests conducted for each alloy. Figure 1 presents the typi-
cal wetting curve from the meniscus method.

The oxidation test was conducted as follows. First, a 50-g speci-
men was inserted into a stainless steel pot and melted at 523 K on
a hot plate. Next, the melt was stirred with a ceramic rod at
100rpm. The dross oxidation amount was measured every
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Fig. 1 A typical wetting curve from meniscus method;
fo=start point to wet; t,=peak time; {y=drop time;
Fmax = maximum wetting force; and F, = maximum withdrawal
force
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Fig. 2 Melting temperature for Sn-2Ag-3Bi-xIn as a function of
indium content

30-180min. The oxidation product consisted of pure oxides as
well as the solder metal. Therefore, it was necessary to separate
the pure oxidation product from the sludge by using a 710-um
mesh. Finally, the weight of the dross was measured only from the
pure oxide.

The microstructure of the specimen was observed by optical
microscopy (OM) and scanning electron microscopy (SEM). A
mixture of ethyl alcohol (95 ml), HNO; (4 ml), and HCI (1 ml)
was used as the etching solution. Phase identification was per-
formed by X-ray diffraction (XRD) analysis. Depth profiling
using the surface analytical technique of Auger electron spectros-
copy (AES) was employed for determining the composition varia-
tion from the oxidized surface layer to the inside of the specimen.

3 Results and Discussion

3.1 Melting Temperature and Wettability. Figure 2 shows
the liquidus and solidus temperatures for Sn-2Ag-3Bi-xIn, where
x varies from 0 to 6 wt. %. As the indium content increased, the
liquidus and solidus temperatures decreased simultaneously. The
melting range between the liquidus and solidus temperatures was
approximately 20 K, irrespective of the indium content.

For 2wt. %In, the liquidus temperature was 475K, ie., 2K
higher than 473 K. As the indium content increased to 4 wt. % and
6 wt. %, the liquidus temperature decreased below 473 K and was
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Fig. 3 Wetting time and maximum wetting force with respect
to the indium content

slightly higher (10-15 K) than the melting temperature of the Sn-
37Pb solder (456 K). The development of lead-free solders whose
melting temperatures are lower than 473K is very important
because the existing soldering process and equipment for the Sn-
Pb solder can be used continuously. Therefore, the Sn-2Ag-3Bi-
xIn (2 <x <6) alloy is compatible with the soldering process with
respect to its melting temperature.

Wettability is known to be good as force is bigger and time is
shorter. Figure 3 indicates the wetting time (¢y) and the maximum
wetting force (Fi.x) for the Sn-2Ag-3Bi-xIn (0 <x <6) alloy. As
the indium content increased, 7, increased; however, F .«
remained mostly constant. In comparison to the Sn-37Pb alloy,
Fax for the Sn-2Ag-3Bi-xIn was slightly lower, while #, was
mostly constant. Therefore, the Sn-2Ag-3Bi-xIn (2 <x <6) alloy
is compatible with the soldering process with respect to its wett-
ability, although its wettability decreases with an increase in the
indium content.

3.2 Dross Characteristics. The surface morphology and
cross section of the dross produced from the Sn-2Ag-3Bi solder
are shown in Fig. 4. The dross was in the shape of sponge powder,
and it consisted of the solder alloy on the inside and oxides on the
surface, as shown in Fig. 4(b). Figure 5 shows the result of the
XRD analysis of the dross. The solder alloy on the inside was Sn
and the surface oxide was SnO. The dross produced from the Sn-
2Ag-3Bi, Sn-2Ag-3Bi-1In, Sn-2Ag-3Bi-1.5In, and Sn-37Pb sol-
ders comprised tin oxides in which SnO was dominant over SnO,.

Figure 6 indicates the total amount of dross as a function of the
holding time in the dross test. The change in dross weight with
holding time for the Sn-2Ag-3Bi and the Sn-37Pb solders was
almost similar. However, the dross weight for the Sn-2Ag-3Bi-1In
solder decreased to approximately 50%. Finally, after a holding
time of 3 h, there was no dross formation when the indium content
increased to 1.5 wt. % in the Sn-2Ag-3Bi solder. When the indium
content increased to 2—6 wt. % in the Sn-2Ag-3Bi solder, no fur-
ther dross formation was observed during the dross test. The rela-
tionship between dross weight and holding time was rearranged to
the square of dross weight versus the holding time, as indicated in
Fig. 7. The square of the dross weight had a linear relationship
with the holding time, i.e., the dross formation rate had a parabolic
nature to the holding time. The dross formation rate in such cases
is normally dependent on the kinetics of the diffusion-controlled
reaction, which is specifically associated with the composition of
the oxide layer and its thickness. Therefore, the dross formation
rate for the Sn-Ag-Bi solders depended on the oxidation rate of
Sn. However, Figs. 6 and 7 show that the addition of indium to
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Fig. 4 Shape of the dross in Sn-2Ag-3Bi alloy stored at 523 K for 30 min; (a) sur-
face morphology (OM) and (b) cross section (SEM)
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Fig. 5 XRD analysis on the dross produced in Sn-2Ag-3Bi alloy
stored at 523 K for 30 min
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Fig. 6 Dross weight versus holding time for Sn-2Ag-3Bi-xIn
and Sn-37Pb solders

the Sn-2Ag-3Bi alloy restrained the oxidation of the solder alloy
and decreased the dross formation rate. When the amount of in-
dium added to the Sn-2Ag-3Bi alloy was increased beyond 1.5 wt.
%, there was no dross formation.

3.3 Oxidation Characteristics at High Temperatures. In
order to understand the restraint of oxidation induced by the addi-
tion of indium, the oxidation behavior was observed as a function
of the indium content during high-temperature storage. The sol-
ders were heated to 523 K for 1h in air. Figure 8 shows the color
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Fig. 7 Square of dross weight versus holding time for Sn-2Ag-
3Bi-xIn and Sn-37Pb solders

Fig. 8 Oxidized surface for the solders stored at 523K for 1h.
(a) Sn-37Pb, (b) Sn-2Ag, (¢) Sn-2Ag-3Bi, (d) pure indium, (e) Sn-
2Ag-3Bi-1In, and (f) Sn-2Ag-3Bi-1.5In.

variation of the solder surface as a function of the alloying
elements.

The color of the Sn-2Ag-3Bi alloy was dark blue, which is the
same as that of pure Sn. The colors of the pure In and the Sn alloy
which does not include indium element were gold and blue,
respectively. However, the colors of both the Sn-2Ag-3Bi-1In and
Sn-2Ag-3Bi-1.5In alloys were light gray or silver. By comparing
the color variation of the alloys, it was found that the Sn-2Ag-3Bi
and Sn-37Pb alloys were tarnished mainly because of Sn oxida-
tion, since they produced the same color (dark blue) with pure Sn.
By adding indium to the Sn-2Ag-3Bi alloy, Sn oxidation was
restrained and the other mechanisms, e.g., indium oxidation, were
probably controlled for the oxidation.
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Fig. 9 AES analysis for the oxidized surface; (a) Sn-2Ag-3Bi, (b) Sn-2Ag-3Bi-1.5In, and (1) sur-
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Fig. 10 Concentration distribution from the surface to the inside of the oxidized
solder; (a) Sn-2Ag-3Bi and (b) Sn-2Ag-3Bi-1.5In

Figure 9 indicates the results of the element analysis of the oxi-
dized surface for two specimens, i.e., the Sn-2Ag-3Bi alloy and
the Sn-2Ag-3Bi-1.5In alloy. Depth profiling using AES was con-
ducted for 2370s in order to measure the concentration variation
of each element in the depth direction. The concentration profiles
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Fig. 11 Standard Gibbs energies of formation for oxide [26]
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of the in situ depth analysis are shown in Fig. 10. The oxidized
surface for the Sn-2Ag-3Bi alloy had the Sn and O peaks
(Fig. 9(a-1)). Upon approaching the solder inside the alloy, the
Sn concentration increased and the O concentration decreased
(Figs. 9(a-2) and 10(a)). The oxidized surface of the Sn-2Ag-3Bi-
1.5In alloy showed Sn, O, and In peaks (Fig. 9(b-1)). Upon
approaching the inside of the oxidized solder from the surface, the
Sn content increased and the O/In contents decreased (Figs. 9(b-2)
and 10(b)). In Fig. 10(b), it is shown that the surface has much
higher Indium concentration than the bulk(1.5 wt. %(1.6 at. %)In).
It is almost 40 at. % at the surface, and diminishes to a few or sev-
eral percent as it is sputtered to depth. Thus, the mechanism for
slowing down oxidation of Sn-2Ag-3Bi alloy with addition of in-
dium may be due to surface segregation of indium. Figure 11
presents the change of free energy for formation of oxide of Sn,
Ag, Bi and In Ref. [26]. The oxide formation energy of In was
lower than those of Sn. This means that the indium oxide layer
was previously produced on the surface at the beginning of oxida-
tion. From these results, it is clear that formation of the indium ox-
ide on the surface in the Sn-2Ag-3Bi-In solder was protected
against Sn oxidation formation, i.e., dross formation.

4 Conclusions

The effect of indium content on the melting temperature, wetta-
bililty, dross formation, and oxidation characteristics of the Sn-
2Ag-3Bi-xIn alloy was investigated.

(1) The liquidus temperature decreased from 477 K to 465K as
the indium content increased from O to 6 wt. %. The melt-
ing range between the solidus and liquidus temperatures
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was approximately 20 K, irrespective of the indium content.
The melting temperature of the Sn-2Ag-3Bi-xIn alloy
(2 <x <6) was lower than the objective (473 K).

(2) For the Sn-2Ag-3Bi-xIn (2 <x <6) alloy, the wetting time
(to) increased slightly and the maximum wetting force
(Fmax) Was mostly constant. The wettability of the Sn-2Ag-
3Bi-xIn (2 <x <6) alloy was compatible with the Sn-37Pb
alloy.

(3) The change of dross weight with holding time for the Sn-
2Ag-3Bi and the Sn-37Pb solders was almost similar, while
the dross weight for the Sn-2Ag-3Bi-1In solder decreased
to approximately 50%. There was no dross formation when
the indium content increased to more than 1.5 wt. % in the
Sn-2Ag-3Bi solder.

(4) The mechanism for slowing down oxidation of Sn-2Ag-3Bi
alloy with addition of indium may be due to surface segre-
gation of indium. Because the oxide formation energy of In
was lower than those of Sn, the indium oxide layer was pre-
viously produced on the surface at the beginning of oxida-
tion. It is clear that the formation of the indium oxide on
the surface in the Sn-2Ag-3Bi-In solder was protected
against dross formation.
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