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Abstract—The present study investigated the effects of indium (In) addition on the microstructure, mechan-
ical properties, and melting temperature of SAC305 solder alloys. The indium formed IMC phases of
Ag3(Sn,In) and Cug(Sn,In)s in the Sn-rich matrix that increased the ultimate tensile strength (UTS) and the
hardness while the ductility (% EL) decreased for all In containing solder alloys. The UTS and hardness val-
ues increased from 29.21 to 33.84 MPa and from 13.91 to 17.33 HV. Principally, the In-containing solder
alloys had higher UTS and hardness than the In-free solder alloy due to the strengthening effect of solid solu-
tion and secondary phase dispersion. The eutectic melting point decreased from 223.0°C for the SAC305 sol-
der alloy to 219.5°C for the SAC305 alloy with 2.0 wt% In. The addition of In had little effect on the solidus
temperatures. In contrast, the liquidus temperature decreased with increasing In content. The optimum con-
centration of 2.0 wt % In improved the microstructure, UTS, hardness, and eutectic temperature of the
SAC305 solder alloys.
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INTRODUCTION

Owing to the unique properties of the materials,
conventional soldering processes have for many years
used a Sn—Pb system. However, medical studies have
shown that Pb is a heavy metal toxin that can damage
kidney, liver, blood, and the central nervous system
[1, 2]. Therefore, research has been conducted into
Pb-free solder alloys with the right balance of thermal,
mechanical, and soldering properties to replace
Sn—Pb solder alloys. Interest has rapidly increased in
Sn—Ag—Cu (SAC) solder alloys containing more than
3.0 wt % Ag, such as SAC305, SAC307, and SAC405,
as their relatively good solderability has made these
alloys the most promising alternatives in microelec-
tronic applications [3]. However, the drawbacks of
these alloys include short creep rupture lifetimes and
relatively high melting points. Also, the formation of
intermetallic compounds (IMCs) of Ag;Sn and
CueSn; in the solder matrix impairs the mechanical
properties of the solder [4]. For these reasons, metal
additives such as Bi, In, Ga, Zn, and Fe and nanopar-
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ticles such as Al,O;, TiO,, and ZnO have been intro-
duced into SAC solder alloys in order to improve their
microstructure, and their mechanical and thermal
properties [5—10]. In the case of indium, the addition
of 9.0 wt% In into Sn—3.5Ag—0.5Cu solders led to the
formation of Cug(Sn,In)s and Ag;(Sn,In) precipitates
embedded in the 3-Sn matrix [11]. This result was in
good agreement with other reports [12, 13]. The addi-
tion of 0.5—3.0 wt% In into Sn—0.3Ag—0.7Cu solders
led to the more uniform distribution of intermetallic
compounds and increased the tensile strength and
microhardness [5, 14]. Moreover, the solidus and lig-
uidus temperatures of solders were lowered as a func-
tion of the In content [5, 15, 16]. For example, the
melting temperature of Sn—10Sb solder alloy was
reduced by the addition of 0.5—2.0 wt % In and the
solidus and liquidus temperatures decreased as the In
content increased [15]. The present paper further
investigates the influence of indium on the micro-
structure, mechanical properties, and melting tem-
perature of SAC305 solder alloys for industrial elec-
tronics applications.
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Fig. 1. Schematic of gravity casting process of the solder
alloys.

EXPERIMENTAL

The formulations of the solder alloys used in the
experiment were SAC305, SAC305—0.5In, SAC305—
1.0In, and SAC305—2.0In. The purities of the raw
materials used were 99.995, 99.999, 99.995 and
99.999% for Sn, Ag, Cu, and In respectively. To com-
mence the experiment the raw materials were placed
into a graphite crucible and melted in an electric resis-
tance furnace at 400°C for 24 h to ensure complete dis-
solution of the Sn, Cu, Ag and In elements. In the lab-
oratory, an electric resistance furnace was fabricated
capable of melting 5 kg of Sn-based solder alloy per
batch. Before the casting processes began, the tem-
perature of the molten alloy was reduced to 270°C.
After preheating the permanent mold to 220°C, the
molten alloy from the graphite crucible was poured
into the permanent mold. The permanent mold grav-
ity casting process is shown in Fig. 1. The as-cast mol-
ten alloys, when completely solidified at ambient tem-
perature, were removed from the permanent mold.
The chemical compositions of the four solder alloys
were characterized by X-ray fluorescence spectrome-
try (XRF, PW2400, Philips). The results of the charac-
terizations are shown in Table 1. For tensile testing,
the as-cast specimens were cut, in accordance with
ASTM ES8 specifications, with a reduced section 6 mm
in diameter and 30 mm in length. Before characterizing
the microstructure and hardness of the solder alloys,
the as-cast specimens were cut into small pieces,

Table 1. Chemical composition of the solder alloys

Composition, wt %

Solder alloys
Ag Cu In Sn
Sn—3.0Ag—0.5Cu 3.68 | 0.41 — balance
Sn—3.0Ag—0.5Cu—0.5In| 3.67 | 0.48 | 0.64 | balance
Sn—-3.0Ag—0.5Cu—1.0In | 3.36 | 0.44 | 1.21 | balance
Sn—3.0Ag-0.5Cu-2.0In | 3.43 | 0.47 | 2.28 | balance
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Fig. 2. The stress-strain curves of the solder alloys.

molded, polished, and then etched for 5 s with a solu-
tion of 5% HNO;, 92% CH;OH and 3% HCI. The
microstructure of the solder alloys was characterized by
scanning electron microscopy (SEM, Quanta 400,
FEI). Phase identification was analyzed by energy dis-
persive X-ray spectroscopy (EDX). The hardness of the
solder alloys was evaluated using the Vickers micro-
hardness  testing procedure  (INNOVATEST,
NOVA 130/240) at a constant load of 1.96 N and dwell
time of 10 s. The final value was the average result of
five hardness tests. The melting temperature of the
solder alloys was determined by differential scanning
calorimetry (DSC, NETZSCH, DSC 200 F3 Maia).
The test was performed under argon (Ar) at a constant
heating rate of 10°C/min. The tensile tests were car-
ried out using a universal testing machine (UTM,
Instron 5569) at a constant strain rate of 1.5 mm/min
at room temperature. The value for the ultimate tensile
strength of each alloy was obtained by averaging five
test results.

RESULTS AND DISCUSSION
Mechanical Properties of Solder Alloys

The stress-strain curves of the tensile tests of the
solder alloys at a constant strain rate of 1.5 mm/min at
room temperature are shown in Fig. 2. Increasing the
In content increased the strength of the solder alloys.
Figures 3a, 3b shows the effect of In content on the
ultimate tensile strength (UTS), ductility (%EL), and
hardness of the solder alloys. It is evident that incre-
ments of In content enhanced the UTS and the hard-
ness while the %EL decreased for all In containing
solder alloys. The UTS, hardness and %EL of the
SAC305 solder alloy were 29.21 MPa, 13.91 HV and
2018
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Fig. 3. Effect of In content on the mechanical properties of solder alloys: (a) ultimate tensile strength (UTS), ductility (%EL) and

(b) hardness.

38%, whereas the UTS, hardness and %EL of the
SAC305—2.0In solder alloy were 33.84 MPa, 17.33 HV
and 21%, respectively. The increases in UTS and
hardness of the solder alloys were attributed to the
strengthening effect of solid solution and secondary
phase dispersion [12, 15]. The addition of 0.5, 1.0, and
2.0 wt % In resulted in the formation of embedded
Ag;(Sn,In) and Cuy(Sn,In); IMCs distributed
throughout the Sn-rich matrix. The IMCs in the Sn-
rich matrix inhibited the motion of dislocation. This
led to the improvement of the UTS and hardness of
the solder alloys [5, 12, 15].

Microstructure of Solder Alloys

The microstructures of the solder alloys were char-
acterized by scanning electron microscopy (SEM).
Figure 4a shows that the microstructure of the initial
SAC305 solder alloy was composed of a B-Sn phase,
and uniformly distributed small eutectic IMCs of
Ag;Sn and CuySn; [5, 12]. Figures 4b—4d shows that
the microstructure of the SAC305—xIn (x = 0.5, 1.0,
and 2.0 wt %) solder alloy consisted of a B-Sn phase,
and a needle-like structure of coarse eutectic IMCs.
Comparing the microstructure with those presented in
Fig. 4a, it was found that the addition of In resulted in
a coarsening of the eutectic IMCs, especially of the
Ag;Sn and CugSns IMCs. The Ag;Sn and CugSng
IMCs were not only reduced in the number with
increments of In content, but also changed to
Ag;(Sn,In) and Cug(Sn,In); IMCs. The formation of
Ag;(Sn,In) and Cug(Sn,In); IMCs was confirmed by
EDX analysis. These results are consistent with those
reported for Sn—0.7Cu—2Ag—2In, and Sn—3Ag—2Sb—
xIn (x=1, 5, and 7 wt %) solder alloys [12, 17].
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Figure 5 shows EDX mapping images of the ele-
mental distribution in the SAC305 solder alloy. The
green and pink areas are Ag and Cu phases uniformly
interspersed between 3-Sn phases (red areas). Figure 6
shows the distribution of Sn, Ag, Cu, and In in the
SAC305—2.0In solder alloy. Embedded in the Sn-rich
matrix, the red areas are Sn phases, the blue areas are
Ag phases, the green areas are Cu phases, and the pur-
ple areas are In phases. The phase compositions of
SAC305 and SAC305—2.0In solder alloys are pre-
sented in Fig. 7. Only the Ag;Sn and Cu4Sns IMCs
were present in the SAC305 solder alloy and the results
of the EDX analysis are shown in Fig. 7a,b. The inter-
metallic compounds in the SAC305-2.0In solder alloy
were Ag;(Sn,In) and Cug(Sn,In)s. The EDX analysis
shows that the compositions of the intermetallic
phases were 40.3 wt % Ag, 56.0 wt % Sn, 3.7 wt % In,
and 36.1 wt % Cu, 62.7 wt % Sn, 1.2 wt % In. The
results of the analysis are presented in Figs. 7c, 7d and
are also summarized in Table 2. These new intermetal-
lic compound phases that formed in the 3-Sn matrix
could improve the mechanical properties of the solder
alloys, particularly their tensile strength and micro-
hardness [5, 12].

Table 2. The EDX determination of chemical composition
of SAC305 and SAC305+2.0In solder alloys by wt %

Intermetallic compounds, wt %
Elements
AgzSn | CugSns | Ags(Sn,In) | Cug(Sn,In)s

Sn 50.9 69.7 56.0 62.7

Ag 49.1 - 40.3 -

Cu - 32.1 — 36.1

In - - 3.7 1.2
No.4 2018
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Fig. 5. EDX mapping images of elemental distribution: (a) SAC305, (b) Sn, (c¢) Ag, and (d) Cu.

Melting Temperature of Solder Alloys

The thermodiagrams of the four solder alloys
during heating and cooling are shown in Fig. 8. The
DSC results are summarized in Tables 3 and 4. During
heating, the melting point (7,,) of the SAC305 solder
alloys tended to decrease as the In content increased.
The curve of the SAC305 solder alloy presents only

RUSSIAN JOURNAL OF NON-FERROUS METALS

one endothermic peak at 223.0°C, which is in good
agreement with the melting procedure of SAC305 sol-
der alloys [18, 19]. The addition of 0.5, 1.0 and 2.0 wt %
In, reduced the melting point of SAC305 solder alloys
from 223.0 to 219.5°C due to the formation of a new
eutectic phase, and similar results have been reported
when indium was added into other groups of solder
No. 4
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Fig. 6. EDX mapping images of elemental distribution: (a) SAC305—2.0In, (b) Sn, (c) Ag, (d) Cu, and (e) In.
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Fig. 7. SEM-EDX analysis of intermetallic compounds (IMCs): (a—b) SAC305, and (c—d) SAC305—2.0In.

alloys [5, 15, 17, 20, 21]. Table 3 shows that the addi-
tion of 0.5, 1.0 and 2.0 wt % In had a small effect on
the solidus temperatures. On the other hand, the liqui-
dus temperature decreased with increasing In content.
These results are consistent with those reported for
SAC0307, Sn—10Sb, Sn—3.5Ag, and Sn—3Ag—2Sb sol-
der alloys [5, 15—17]. The solidus-liquidus range is
very important for electronic applications. Normally,

RUSSIAN JOURNAL OF NON-FERROUS METALS
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a good lead-free solder alloy has a small gap between
the solidus and liquidus temperature (solidification
ranges). The recommended solidification range for
lead-free solders is not more than 30°C. Lead-free sol-
der alloys with solidification ranges greater than 30°C
may lead to soldering problems [17]. In Table 3, the
solidification ranges of the In-containing solder alloys
were smaller than the solidification ranges of Sn—

No.4 2018
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Fig. 8. DSC curves for the four alloys during (a) heating (endothermal) and (b) cooling (exothermal).

37Pb eutectic [22, 23]. Therefore, the addition of In
elements could reduce the melting point and solidifi-
cation ranges of SAC305 solder alloys. In addition, the
undercooling of the In-containing solder alloys
increased with higher In additions as shown in Table 4.
The degree of undercooling is related to the nucleation
and solidification of solder alloys. The difficult nucle-
ation of the B-Sn phase during the solidification of Sn

and Sn-based lead-free solder alloys can result in high
degrees of undercooling of the liquid prior to solidifi-
cation. That is to say, the B-Sn phase requires a large
degree of undercooling in order to nucleate and solid-
ify [24]. Therefore, the solder alloys that contained
0.5—-2.0 wt % In produced larger grains in the B-Sn
phase because of the significant degree of undercool-
ing that occurred in comparison with the SAC305 sol-

Table 3. Comparison of melting point (7,,), solidus temperature (7 ,.), liquidus temperature (7,4), solidification range

(AT) of solder alloys

Solder alloys T, °C Tonsets °C T4, °C AT =T g — Tonset,"C Ref.
Sn—37Pb 183.0 179.5 191.0 11.5 [21]
SAC305 223.0 218.0 224.8 6.8 study
SAC305 + 0.5In 222.5 221.2 224.1 29 study
SAC305 + 1.0In 220.5 217.9 222.3 4.4 study
SAC305 + 2.0In 219.5 217.0 221.5 4.5 study

Table 4. Comparison of solidus temperature (7,.;) during heating, liquidus temperature (7,.) during cooling and under-

cooling range of solder alloys

Solder alloys (Tinser) heating, °C (Tynser) cooling, °C Undercooling (Tjeating = Teooling)» °C
SAC305 218.0 192.2 25.8
SAC305 + 0.5In 221.2 188.4 32.8
SAC305 + 1.0In 217.9 186.2 31.7
SAC305 + 2.0In 217.0 182.5 34.5

RUSSIAN JOURNAL OF NON-FERROUS METALS
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der alloy (see in Fig. 4), and these results were consis-
tent with previous reports [25, 26].

CONCLUSIONS

This paper studied the effects of indium addition
on the microstructure, ultimate tensile strength, duc-
tility, hardness and eutectic temperature of SAC305
solder alloys.

(i) The addition of indium into SAC305 solder
alloys led to microstructural improvements, and the
formation of new IMC phases of Ag;(Sn,In) and
Cug(Sn,In)s in the B-Sn matrix. These phases could
improve the mechanical properties of solder alloys.

(ii) The ultimate tensile strength and hardness of
the SAC305 solder alloy increased when indium was
added, rising from 29.21 MPa and 13.91 HV, respec-
tively, for SAC305, to maximum values of 33.84 MPa
and 17.33 HV for SAC305-2.0In.

(iii) The indium additions resulted in a decrease of
the eutectic temperature of the SAC305 alloy from
223.0 to 219.5.2°C and solidification range values
lower than the solidification range values of Sn-37Pb
solder alloys.

(iv) The good properties of the solder alloys fabri-
cated in these studies and the absence of lead in their
composition make the developed materials suitable
replacements for traditional Sn—Pb solders in elec-
tronics applications.
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