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Effects of In Addition on Solidus and Liquidus Temperatures,
Microhardness, and Wettability of Sn-0.3Ag-0.7Cu Solder Alloy
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Abstract

This research was aimed to study effects of indium
(In) addition on solidus and liquidus temperatures,
wetting time, wetting force, and microhardness of Sn-
0.3Ag-0.7Cu lead-free solder alloy. It was found that
In had a strong influence on these properties of Sn-
0.3Ag-0.7Cu. Solidus and liquidus temperatures of the
solder alloys was lowered as the In content was
increased. However, In addition increased the melting
range between solidus and liquidus temperatures.
Wetting time of the solder alloy was reduced by the
addition of In while the wetting force was increased
with the increase of In content. Microhardness of Sn-
0.3Ag-0.7Cu was increased by adding In into the solder
alloy. With the addition of In, the Sn-rich phase was
smaller in size, and the intermetallic compounds were
more uniformly distributed.

1. Introduction

The RoHS directive forces electronics industry to
use Pb-free solder alloys in an effort to reduce the toxic
substance. There are many Pb-free solder alloys that
are of interest such as, Sn-Ag, Sn-Cu, Sn-Zn, and Sn-
Ag-Cu solder alloys. The Sn—Ag—Cu family of alloys is
a very attractive candidate because of its advantages in
mechanical properties and its good soldering ability.
Thus, the Sn-Ag-Cu solder alloys have been proposed
by many consortiums as a replacement for the
traditional Sn-Pb eutectic solder alloy. However, some
properties of Sn-Ag-Cu solder alloys are inferior to
those of the Sn-Pb solder alloy, especially the high
melting temperature of Sn-Ag-Cu solder alloys. Adding
an alloying element to the solder alloys is a mean to
lower the melting temperature. However, the alloying
element might have other effects on properties of the
alloys, such as mechanical properties and
microstructure [1-8].

The alloying element used to lower melting
temperature of solder alloys must be conformed to
RoHS directive, and possesses a low melting point,
such as bismuth (Bi), gallium (Ga), and indium (In) [7,
9]. Previous investigations reported that Bi, Ga, and In
can be employed to lower solidus and liquidus
temperatures of solder alloys. Moreover, adding of
these elements affected mechanical properties and
microstructure of solder alloys [1-6, 9, 10].

Sn-0.3Ag-0.7Cu solder alloy is an emerging low-Ag
Pb-free solder alloy in the Sn-Ag-Cu family. This
research was aimed to study effects of indium (In)
addition on solidus and liquidus temperatures,
microhardness, and wettability of Sn-0.3Ag-0.7Cu
solder alloy. Alteration of the microstructure due to In
addition was also discussed.

2. Experimental Methods

In this experiment, seven solder alloys with
different In contents were studied. The alloys were
tested on solidus and liquidus temperatures,
microhardness, and wettability. All solder alloys and
their composition are shown in Table I. The solder
alloys were melted in a graphite crucible, and then
casted into a cylindrical ingot in a copper mold. The
composition of each solder alloy was confirmed by an
optical emission spectroscopy Spark-OES model
Spectrolab M-8.

Table 1. Solder alloys and their composition

Composition (wt%)
Solder
Sn | Ag| Cu| In
Sn-0.3Ag-0.7Cu 99.0103]07] 00

Sn-0.3Ag-0.7Cu-0.5In 985 (0310705

Sn-0.3Ag-0.7Cu-1.0In 98.0(03]07 10

Sn-0.3Ag-0.7Cu-1.51n 975103107115

Sn-0.3Ag-0.7Cu-2.0In 970103107120

Sn-0.3Ag-0.7Cu-2.5In 96.5(03]07]|25

Sn-0.3Ag-0.7Cu-3.0In 96.0 1 03} 0.7] 3.0

The solder alloys were cut into a small piece to
examine their solidus and liquidus temperatures using a
differential scanning calorimeter (DSC). The test was
performed under Ar atmosphere on Shimadzu DSC-50.
The heating rate used in this study was § PP°C/s.

The solder alloys were melted to examine the
wetting time and wetting force using a wetting balance
tester, Rhesca solder checker model SAT-5100. All test
specimens were made from OFHC copper plate. The
specimen was 1.0 cm wide, 4.0 cm long, and 0.4 mm
thick. The specimen was coated by Almit RC-15 SH
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RMA flux before the immersion. The testing
temperature was about 250 °C. The immersion speed
was 5 mm/s, and the immersion depth was 5 mm. The
immersion time for each specimen was 20 s. Fig. 1
illustrates the theoretical pattern of a wettability curve
obtained from a wetting balance test.

Jomeebermera Ry .

.

- f——Fu

the solidus and liquidus temperatures of Sn-0.3Ag-
0.7Cu were reduced by 21.7 and 11.5 °C, respectively.
This indicated that In effectively lowers the solidus and
liquidus temperatures of Sn-0.3Ag-0.7Cu. However,
melting range of the solder alloys was wider as In
content was increased. The difference between solidus
and liquidus temperatures was 22.3 °C for the original
Sn-0.3Ag-0.7Cu solder alloy, and it icreased to 32.5 °C
after adding 3.0 wt% of In.

Table II. Solidus and liquidus temperatures

Fig. 1. Theoretical pattern of a wettability curve

Microhardness of the solder alloys was tested using
a Vickers microhardness tester with 0.3 kgf indentation
force, and 10 s holding time. The machine used in this
study was Mitutoyo H-M113. The test was performed
10 times for each specimen to acquire its average
microhardness value.

Finally, the solder alloys were examined on their
microstructure using an electron probe micro-analyzer
(EPMA) to obtain the microstructure and distribution of
elements in the alloys. The EPMA used in this
experiment was Shimadzu model EPMA 1610.
Acceleration voltage for the EPMA was 15 kV with
beam size of 1 pm. All samples were examined at
500X magnification, A scanning electron microscope
(SEM) was employed to examine microstructure of the
solder alloys. The SEM was Hitachi S-4700 coupled
with an energy dispersive X-ray spectroscopy (EDX)
used to determine chemical composition of phases
presented in the solder alloys. The EDX was IXRF
Systems. Before the microstructural examinations, the
solder alloys were etched using 5%Vol. FeCl; solution
to reveal their microstructure.

3. Results and Discussion
3.1 Solidus and Liquidus Temperatures

Solidus and liquidus temperatures of each solder
alloy from DSC are shown in Table II. Solidus and
liquidus temperatures of the original Sn-0.3Ag-0.7Cu
were 219.4 and 241.7 °C, respectively. According to the
results, it was clear that addition of In lowers the
solidus and liquidus temperatures of Sn-0.3Ag-0.7Cu.
The higher In content, the lower the solidus and
liquidus temperatures. With the addition of 3.0 wt% In,

Solidus Liquidus
Solder Temperature | Temperature
0 0
Sn-0.3Ag-0.7Cu 2194 241.7
Sn-0.3Ag-0.7Cu-0.5In 216.2 240.8
Sn-0.3Ag-0.7Cu-1.0In 212.2 240.6
Sn-0.3Ag-0.7Cu-1.5In 209.4 238.4
Sn-0.3Ag-0.7Cu-2.0In 208.5 237.4
Sn-0.3Ag-0.7Cu-2.5In 202.7 232.6
Sn-0.3Ag-0.7Cu-3.0In 197.7 230.2

3.2 Wetting Time and Wetting Force

Wetting time (To) and wetting force (Fmax) of each
solder alloy are shown in Table I1I. Wetting time and
wetting force of the original Sn-0.3Ag-0.7Cu solder
alloy were 2.05 s and 5.33 mN, respectively, Based on
the results, the addition of In shortens the wetting time
and increases the wetting force between the copper
specimen and the molten solder alloys. The higher In
content, the shorter the wetting time, and the higher
wetting force. This indicated a positive effect of In
addition on wettability of Sn-0.3Ag-0.7Cu.

The effect of In addition on the enhancement of
wettability of Sn-0.3Ag-0.7Cu solder alloy can be
explained by equation (1).
Fy +pVg

YwP

where & is the contact angle, Fyy is the wetting force, p
is the density of the molten solder, V is the immersed
volume, g is the gravity acceleration constant, y, is the
surface tension of the molten solder in contact with the
flux, and P is the perimeter of the specimen [11]. From
equation (1), a small value of wetting angle means a
better wettability. It is clear that the smaller value of 8
induced by the larger value of wetting force Fy or
smaller value of surface tension y;y. This correlation
was consistent with the results from this study. In this
experiment, the addition of In increased the wetting
force, and it has been well known that In can decrease

cosf =

(M
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surface tension [12]. Therefore, the addition of In
improved the wettability of Sn-0.3Ag-0.7Cu solder
alloy by decreasing the the contact angle.

Table I11. Wetting time (To) and wetting force (Fmax)

Solder To (s) Fmax (mN)
Sn-0.3Ag-0.7Cu 2.05 5.33
Sn-0.3Ag-0.7Cu-0.5In 1.44 6.07
Sn-0.3Ag-0.7Cu-1.0In 1.43 6.35
Sn-0.3Ag-0.7Cu-1.5In 1.29 5.91
Sn-0.3Ag-0.7Cu-2.0In 1.18 6.61
Sn-0.3Ag-0.7Cu-2.5In 1.19 6.13
Sn-0.3Ag-0.7Cu-3.0In 1.12 6.89

3.3 Microhardness

Microhardness of each solder alloy is shown in
Table IV. Microhardness of the original Sn-0.3Ag-
0.7Cu solder alloy was 10.23 HV, and the
microhardness of the solder alloy was increased with
the increase of In content. With the maximum In
content in this study, 3.0 wt%, the microhardness of
the solder alloy was increased by 81% from the original
value. This indicated the effectiveness of In in
improving microhardness of Sn-0.3Ag-0.7Cu solder
alloy.

Table IV. Microhardness of solder alloys

Solder Microhardness (HV)
Sn-0.3Ag-0.7Cu 10.23
Sn-0.3Ag-0.7Cu-0.5In 10.83
Sn-0.3Ag-0.7Cu-1.0In 11.58
Sn-0.3Ag-0.7Cu-1.5In 14.28
Sn-0.3Ag-0.7Cu-2.0In 15.40
Sn-0.3Ag-0.7Cu-2.5In 18.18
Sn-0.3Ag-0.7Cu-3.0In 18.53

The increase of microhardness of the solder alloys
can be explained by microstructure of the alloys. From
the microstructure examination, it was found that Sn-
rich phase is the basic microstructure of the original Sn-
0.3Ag-0.7Cu, and intermetallic compounds between Sn,
Ag, and Cu are around the Sn-rich phase as shown in
Fig. 2-6. Fig. 2 shows microstructure of Sn-0.3Ag-
0.7Cu solder alloy, and Fig. 3 illustrates SEM image of
the solder alloy. Fig. 4-6 show the distributions of Sn,
Ag, and Cu, respectively.

When In was added to the solder alloy, the Sn-rich
phase was smaller in size, and the intermetallic
compounds were more uniformly distributed. Fig. 7
shows microstructure of Sn-0.3Ag-0.7Cu-1.5In, and
Fig. 8-11 illustrates elemental distribution of Sn, Ag,
Cu, and In, respectively. The higher In content, the
smaller the Sn-rich phase, and the more uniform
distribution of intermetallic compounds. Fig. 12 shows
microstructure of Sn-0.3Ag-0.7Cu-3.0In. Fig. 13-16
presents elemental distributions in this solder alloy.
Based on this evidence, it was expected that In
produces smaller Sn-rich phase and the more uniform
distribution of intermetallic compounds particles. This
led to the improvement of the microhardness of Sn-
0.3Ag-0.7Cu.

The more uniform microstructure of Sn-0.3Ag-
0.7Cu was obtained when In was added into the solder
alloy. This is due to adsorption phenomenon during
solidification process. It has been well known that
adsorption phenomenon plays a crucial role during
solidification process of an alloy, and greatly affects the
microstructure of the alloy [13]. During the
solidification process, adsorption of surface active
elements, such as In, at various planes is different. The
plane with maximum surface tension grows faster than
other planes while its adsorption amount of surface
active material is maximized. The adsorption amount
of surface active material at plane K can be expressed
as:

I3
r£= _Car 0]
RT dC
where T'X s the adsorption of surface active material

at plane X, C is the concentration of surface active
material, R is the Planck constant, 7' is the absolute

temperature, and ¥ is the surface tension of plane K.

When plane X adsorbs a layer of active material, the
surface tension can be written as:

CrK
7e =75 —RT [—dcC 3)
o €
where y& is the surface tension of plane X with

adsorption of active material, y(f is the surface tension

of initial plane X without adsorption. Thus, the surface
free energy of the whole crystalloid can be stated as:

Crx
rEAg =278 ~RT [~—dClay (9
K K 0

where Ak is the area of plane K. In order to minimize
the surface free energy (the summation of the product

between }'g and Ay), the second term on the right-hand
side of equation (4) must be maximized. As stated by
equation (4), the plane with the highest I'% value plays
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the most important role in minimizing the free energy
of the entire interface. The character of metamorphosis
is the adsorption of active elements on certain planes.
The adsorption will not only decrease the difference of
surface energy of the crystalloid, but also prevent its
further growing on the planes growing faster. This
conforms to the results of this paper in which the
addition of In produced smaller Sn-rich phase and the
more uniform distribution of intermetallic compounds
particles. The more uniform microstructure improves
the mechanical properties, such as microhardness of Sn-
0.3Ag-0.7Cu solder alloy.

Wax,t 138, Hin.:0, dve.iB8

Fig. 4. Sn distribution in Sn-0.3Ag-0.7Cu

TEC 1585 T Been Bk SER SVSO0E 19T
Fig. 3. SEM image of Sn-0.3Ag-0.7Cu

Hax. 158, Win, B, Mea it

Fig. 5. Ag distribution in Sn-0.3Ag-0.7Cu

Mascc 27, Mir 0, dwéiot]

Fig. 6. Cu distribution in Sn-0.3Ag-0.7Cu
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Fig. 10. Cu distribution in Sn-0.3Ag-0.7Cu-1.5In

Fig. 8. Sn distribution in Sn-0.3Ag-0.7Cu-1.5In

Max,t115, Rin.30, Ave, i1

Fig. 9. Ag distribution in Sn-0.3Ag-0.7Cu-1.5In

Fig. 12. Mirostructure of Sn-0.3Ag-0.7Cu-3.0In
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Fig. 13. Sn distribution in Sn;0.3Ag-0.7Cu-3.0In

Mex?:138, Min.20, hve.3l

Fig. 14. Ag distribution in Sn-0.3Ag-0.7Cu-3.0In

Hax 135 MEn10, Mwa t1

Fig.15. Cu distribution in Sn-0.3Ag-0.7Cu-3.0In

e i

Fig. 16. In distributio

n in Sn-0.3Ag-0.7Cu-3.0In

4. Conclusions

The influence of indium (In) addition on solidus and
liquidus temperatures, wetting time, wetting force, and
microhardness of Sn-0.3Ag-0.7Cu was reported in this
paper. Results showed that In has a strong effect on
these properties of Sn-0.3Ag-0.7Cu.  Solidus and
liquidus temperatures of the solder alloys were lowered
as the In content was increased. Wetting time of the
solder alloy was reduced with the addition of In while
the wetting force was increased with the increase of In
content.  Microhardness of Sn-0.3Ag-0.7Cu was
increased by adding In into the solder alloy. With the
increase of In, the Sn-rich phase was smaller in size,
and the intermetallic compounds were more uniformly
distributed.
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