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1. Introduction

The traditional lead-containing solders e.g., Sn-40Pb and Sn-37Pb
are being replaced by the binary and ternary lead-free solder [1,2].
Mainly due to lead and lead-containing compounds which are toxic
substances causing detrimental effects on the environment [3,4].
Furthermore, growing environmental concerns and related laws and
regulations evolve the Restriction of Hazardous Substances (RoHS).
This directive has contributed to the development of many lead-free
solders to replace the lead-containing solders [5-7]. The ternary solder
system is the most widely used lead-free solder in the industry, composed
of Sn—Ag—Cu (SAC), this solder provides good solderability, high
electrical conductivity, and a better mechanical property compared to
Sn-Pb solder [7,8]. It is well known that SAC solders have a melting
point higher than that of the eutectic SnPb solders [9]. Thus, high
melting temperature will increase the soldering temperature which
may cause thermal damage of the substrate and electronics devices.
Moreover, the SAC solder is predisposed to the formation of multiple
intermetallic phases due to the reaction of Sn, Ag, and Cu atoms in
solder or diffusion between solder and substrate [10,11]. However,
the presence of the intermetallic phases has been linked to brittleness
and adversely altering the mechanical properties and reliability of
solder joints [12]. In addition, the primary failure mode of solder
was the brittle failure through intermetallic phase [13].
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This research has investigated the influence of cooling conditions on the microstructure and
mechanical properties i.e., tensile strength and microhardness of Sn-0.3Ag-0.7Cu lead-free solder.
In the experiments, casting was performed at 300°C with comparison between copper and stainless
steel molds under slow and fast cooled conditions. X-ray diffractometer confirmed the presence of
CuesSnsand AgsSn phases in the solder matrix. Lead-free solder solidified under slow cooled conditions
exhibited B-Sn matrix with larger grain growth as compared to the fast cooled solder. The eutectic area
of intermetallic compound (IMC) was found to increase with cooling rate. The tensile strength of
slow cooled solder was greater than fast cooled solder for both molds. In addition, the microhardness
of the solder was also influenced by cooling rate. The dimples size of facture surface was decreased
by higher cooling rate. A greater eutectic area of the CusSns and AgsSn phases of initial f-Sn matrix
lead to lower values of the mechanical property from fast cooled conditions.

The SAC solders have two groups, a low and high-Ag lead-free
solder. From literature, the Ag content affects the AgsSn and CusSns
intermetallic compound (IMC) precipitate. In SAC 305 and SAC 405
solder alloys with high-Ag lead-free solder, the amount of AgsSn
and CusSns IMCs increases as the Ag content increases and become
distributed in a Sn-rich matrix [11]. Higher concentrations of AgsSn
causes a high tensile strength and a low elongation, but the moderate
concentration of AgsSn with another type of IMC (CusSn) causes
the opposite action [8]. However, Gumaan et al. [14] reported that the
tensile strength and yield strength decreased with increasing AgaSn
phase. Large areas of AgsSn reduce the reliability of the solder,
while faster cooling rates reduce the amount of AgsSn phase [14].
This result concurred with Sundelin et al. [15] who found that slower
cooling rates increased dispersion of AgsSn in most SAC solders
including SAC 305, SAC 387 and SAC 405. Lee and Huang [16]
reported that tensile strength and hardness of SAC 305 solder increased
at faster cooling rates due to the formation of a fine-grained primary
Sn-rich phase surrounded by a fine eutectic structure. Yahaya et al.
[17] documented the presence of AgsSn and CusSns phases, with
faster solder cooling rates showing the highest hardness values due
to phase refinement. The microstructure and mechanical properties
of solder alloys are greatly influenced by cooling conditions that
affect their reliability [16,17]. Refined grains ensure that the internal
structure of solder joints is compact and can effectively resist external
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pressure, thereby improving reliability [18]. Low temperature lead-free
solders are widely used in industry because they reduce heat damage
to electronic devices and boards. An attractive alternative to the Sn-
0.3Ag-0.7Cu (SAC0307) solder is an improved version as a low
melting temperature, low-cost solder by doping only a small amount
of Ag. IMC quantity is also minimal due to low Ag concentration,
while the AgsSn and CusSns phases occur as small rounded particles
distributed in the microstructure [10]. Low Ag solder alloys often
experience ductile failure through bulk solder [13].

Low silver alloys typically show two distinct melting phases as
a low temperature melting phase corresponding to SnAg eutectic,
and a high temperature phase corresponding to SnCu eutectic melting
around 228°C [19]. However, the microstructure and mechanical
properties of solder in low-Ag SAC systems are not concisely detailed
in the literature, with limited reports concerning their intermetallic
compound formation and microstructure and mechanical properties.
Thus, the effects of cooling conditions on intermetallic compound
formation and mechanical properties of SAC0307 lead-free solder
were investigated. Results will provide useful information to better
control the microstructure and mechanical properties of low-Ag
SAC lead-free solder.

2. Experimental

Sn-0.3Ag-0.7Cu lead-free solder was used in this experiment.
The solidus and liquidus temperature of solder were about 217°C
and 226°C, respectively. Prior to casting, the solder bar was melted
at 300°C, the liquid solder was cast in either copper or stainless steel
molds in an electrical furnace for comparison. The casting samples
were subsequently cooled with different conditions, i.e. furnace (slow
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cooled) and air (fast cooled). After casting, samples were cut, mounted,
and polished respectively. The polishing was performed with a series
of silicon carbide grit paper at 600, 800, 1000 to 2000 grit, and finally
with Al203 powders at 0.3 pum to 0.1 um. Lastly, the samples were
etched using Ar ion beam (IBM, Hitachi, IM 4000 Plus).

Optical microscope (OM, Olympus, BX 60 M) was first employed
to examine the grain microstructures. The grain size numbers were
obtained using an image analysis software program, in accordance with
the ASTM E 1382 standard. Scanning electron microscopy (SEM,
Jeol; JSM-5800LV) was then used to verify the microstructure and
fracture surface. An energy dispersive spectroscopy (EDS, OXFORD
INSTRUMENTS, X-Max) was then used to determine the chemical
compositions of the intermetallic phases. An X-ray diffractometer
(XRD, Bruker D8 Discover) was used to identify the crystalline
structure of phases.

The tensile test specimens were milled using CNC milling machine
(Emco model PC Turn 50), with the dimensions and geometry
determined in accordance to the ASTM E 1382 standard. A universal
testing machine (Zwick, Z020) was used to investigated the tensile
strength of the samples and carried out at room temperature with
a crosshead speed of 1.0 mm-min-L. Finally, the microhardness was
measured with a vickers indenter tester (Wilson, Tukon 1102) with
a load of 0.2 kg and a loading time of 10 s.

3. Results and discussion
3.1  Microstructure

The microstructure of solder samples with the different casting
conditions is illustrated in Figure 1. The Sn-rich phase as represented

(b)

Figure 1. Optical microstructure of samples with difference condition casting: (a) copper mold with slow cooled (b) copper mold with fast cooled (c) stainless steel

mold with slow cooled and (d) stainless steel mold with fast cooled.
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by the light area with the dark area represent the intermetallic phases.
Asillustrated in Figure 1 (a)-(d), Sn-rich phase is the basic microstructure
of Sn-3.0Ag-0.7Cu solder [20]. Nevertheless, the intermetallic particles
were situated at the grain boundaries and with non-uniform distribution
in the Sn-rich phase. The intermetallic phases of all samples comprised
of CusSnsand AgsSn. The EDS and elemental maps analysis indicated
Sn-rich phase, CusSns and AgsSn as displayed in Figures 2 and
Figure 3, respectively. XRD analysis was shown in Figure 4. The
crystal structure, lattice parameters of Sn, Ag, Cu, and intermetallic
phases were shown in Table 1. The crystal structure of AgsSn found
in this study was orthorhombic. Two types of CueSns crystal structure
found in solder matrix were hexagonal, and monoclinic. This
indicated that monoclinic was found in the cast specimens, because
the hexagonal have enough time to transform to monoclinic.

The microstructure of the alloy showed the CusSns + AgsSn
network is formed in their eutectic region with large primary AgsSn
plate. The microstructure of the solder from copper and stainless steel
casts is illustrated in Figure 5 and Figure 6, respectively. Samples cast
with a copper mold show formation of the eutectic region is reduced
by slower cooling rate. In addition, both CusSns and AgsSn phases
were dense within the Sn-rich phase when fast cooled.

Table 1. Results of XRD analyses.
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The microstructure of both molds show a significance difference.
Compared to the copper mold, the cast with stainless steel mold
depicts the cellular structure of intermetallic phase formation and
IMCs particles separated along the grain boundary in the slow
cooled solder, Figure 6. Thus, the IMC start to separate at the grain
boundary due to a reduced nucleation energy [21]. In the fast cooled
condition, an increase in the eutectic region is found. Thus, fast
cooling promotes the formation of eutectic region.

However, solder alloy solidified in stainless steel mold has more
uniform distribution with a smaller size of intermetallic particles. The
cooling rate in microstructure increases with cooling media copper
> stainless steel and air >furnace cooling [8]. Based on the cooling
state, the type of intermetallic compound formation were similar.
For all condition, microstructure of solder exhibits CusSns and AgsSn
phase, no CusSn was detected, probably due to the low diffusion of
Sn, Ag and Cu at fast cooling rates. It indicates that the cooling rate
increase the size of the CusSns phase and inhibited the eutectic
network formed in Sn-rich phase. In addition, the grain size of Sn-
rich phase of both mold decreased with increased cooling rate. The
relation of grain size and cooling condition of casting is discussed
in the next section.

Phase Crystal Structure Space group Lattice parameters
(No.) (~)
Sn BCT 141/amd (141) a=b=5.8332,c=3.1820
Ag FCC Fm-3m (225) a=b=c=4.1280
Cu FCC Fm-3m (225) a=b=c=3.6150
CugSns Hexagonal P63/mmc (194) a=b=4.2000, c = 5.0900
CusSns Monoclinic C2/c (15) a=11.0220, b = 7.2820, c = 9.8270
AgsSn Orthorhombic Pmmn (59) a=5.9680, b =4.7802, ¢ =5.1843
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Figure 2. Microstructure and EDS spectrum (a) Microstructure (b) Sn-rich phase, (c) CugSns and (d) AgsSn.
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Figure 4. XRD patterns of sample cast with a stainless steel mold and slow cooled.
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3.1 grain size of Sn-rich phase

The grain size numbers (G) of the Sn-rich phase were determined
using the ASTM E112-10 intercept method, as illustrated in Figure 7.
The grain size number for structure can be calculated by [22]:

G = (6.643856 log,, P) — 3.288 1)

Where P is the number of grain boundary intersections per unit
length.

After solder cooling, it was obvious that the average grain size
of Sn-rich phase is increased with the increased cooling rate. The
mean grain size numbers were 9.71 and 11.93 by copper mold cast
for the slow and fast cooling, respectively. However, the mean grain
size number of solder solidified in stainless steel mold was 8.87,
and 9.68 for the slow and fast cooling, respectively. The higher value
of G represents the smaller grain size.

The influence of mold material on solidification behavior of the
microstructure can be explained due to coppers higher thermal
conductivity than stainless steel [8]. Thus, microstructure of solder
cast in copper mold showed larger grains of Sn-rich phase than
when cast in stainless steel mold. In addition, grain size of Sn-rich
phase decreases with increasing cooling speed.

In both copper and stainless steel mold, the formation of few
IMC particles with Sn-rich phase were coarse grain structures. By fast
cooling condition, IMC in the Sn-rich matrix were more distributed
than by slow cooling. This was due to the rapid cooling which promoted
fine AgsSn particles with spherical morphology dispersed in the Sn-
rich matrix [5].

3.2 Mechanical property and fracture behaviors

The tensile strength of the solder was clearly different under the
cooling conditions as presented in Figure 8. The tensile strength of
sample cast with copper mold was higher than stainless steel for
both slow and fast cooling rates. In addition, the tensile strength
slightly decreased with the fast cooling rate for both molds. Thus,
the higher cooling of the solder alloy contributed to the decrease in
tensile strength. This was due to the presence of the higher volume
fraction of eutectic area and AgsSn phase. The results of this study
resembled those of Guman et al. [14]. more AgzSn phase is devaluated
the tensile strength. But, dissimilarity with Chellaih et al. [8], the
formation of AgsSn phase and another type of IMC i.e., CusSn phase
was attributable to an increased tensile strength.

The microhardness of the solder (Figure 9) when slow cooled
was consistent with the tensile strength. Meaning the higher strength
resulted in the higher microhardness. However, microhardness of
the samples with fast cooling rate from both molds was slightly
different due to the copper cast solder having more AgsSn distribution
in Sn-rich phases which makes it harder.

Fractograph of the solder show all samples exhibited the necking
phenomenon and the dimples on the fractured surface as illustrated
in Figures 10 and Figure 11 for copper and stainless steel molds,
respectively. The size of dimples of fractured surface with copper
mold was smaller than the stainless steel mold. The fracture surface
of the slow cooled solder exhibited coarse dimples, with the dimples
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on the fractured surface confirming the ductile fracture of the fast
cooled specimen. Thus, the solder has a low strength and a higher
elongation, this was due to the larger eutectic area and AgsSn phase
in microstructure of solder alloy
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Figure 7. Grain size number of Sn-rich phase with difference condition
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Figure 11. Fractographs of samples with stainless steel mold: (a-b) slow cooled and (c-d) fast cooled.

4. Conclusions It was discovered that the CusSns and AgsSn intermetallic phases
were present in all samples. In addition, Sn-rich phase of solder cast

This research examined the influence of cooling conditions on in copper mold showed larger grain size than cast in stainless steel
microstructure and mechanical property of Sn-0.3Ag-0.7Cu lead-free mold. The tensile strength of samples casted with copper mold were
solder. To vary the cooling conditions, the solder alloy was cast with ~ 9reater than the stainless steel mold. However, a faster cooling rate
copper mold, stainless steel mold, and with slow and fast cooling rates. of the solder alloy contributed to decreases the tensile strength and

J. Met. Mater. Miner. 31(2). 2021



136 JATTAKUL, P., et al.

microhardness properties. The larger eutectic area and AgsSn phase
formation in solder alloy presents a lower strength and a higher
elongation. It is possible to conclude that the cooling state plays a
significant role in the microstructure and mechanical properties of
lead-free solder.
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