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Abstract

The low-temperature impact test was used to examine the fracture morphology of Sn-3Ag-0.5Cu (SAC305) solder. The
second-phase distribution of Ag;Sn and CugSny particles on the grain boundary of SAC305 solder was obtained using a
nanometer-scale focused ion beam and observed using a transmission electron microscope. The results show that as the
temperature drops, the fracture mode of SAC305 solder shifts from ductile to brittle, and that the fracture mode is primar-
ily influenced by crystal morphology. On the grain boundaries of the crystal, a large number of Ag;Sn particles and fewer
Cu,Sn; particles are discovered. The compositional analysis of the nanometer-scale fracture morphology reveals that the
majority of the Cu elements are dispersed in the Sn matrix. The phase diagram and Sn activity help to understand this
occurrence. The inhibitory effect of Ag on the creation of Cu compounds is further discussed, which not only promotes the
connection between the soldering material and the Cu solder disc, but also reduces the fracture problem produced by the

Cu,Sns second-phase particles.
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Introduction

As the dangers of lead become more widely recognized,
more lead-free solders are being used in the manufacture of
electronic devices. Sn-Ag-Cu solders are frequently regarded
as the most plausible alternatives to Sn-Pb solders, due to
their superior mechanical characteristics and solderability."->
Researchers have discovered that proper intermetallic com-
pounds (IMC) can help form a good metallurgical bond-
ing interface, but as IMC grows during subsequent service,
its composition, morphology, and thickness may change,
affecting solder performance and the interfacial connection
properties of the solder joint.>™® Different types of lead-free
soldering materials will form different IMCs. The two most
prevalent IMCs at the moment are CugSns and Ag;Sn, both
of which form at grain boundaries when they are present
alone. However, depending on where they are located inside
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a material, their existence will affect the material differently.
Because the generation of IMCs is unavoidable during the
soldering process, many methods for improving the per-
formance and reliability of soldering materials have been
investigated. With control of IMC morphology being con-
sidered a feasible method, many studies on IMCs have been
conducted, focusing on grain morphology, external condi-
tions, and filler metal composition.””'! Most grain morphol-
ogy studies have shown that IMCs with smaller thicknesses
form stable connections, whereas thicker IMCs cause stress
concentration at the interface during thermal cycling, result-
ing in brittle fracture. The soldering interface is more likely
to fail in service if the IMC is thicker.

When two IMCs, Ag;Sn and Cu,Sns, were present simul-
taneously, various studies found that a small amount of Ag
was able to inhibit the generation of CugSns, resulting in
higher reliability of the solder. Lee et al.'? investigated the
wettability and interfacial response of Sn-xAg-0.5Cu alloy,
where the Ag content was at x=1. The results showed that
the filler metal with low Ag content inhibited the formation
of CugSns and Cu;Sn, due to the small diffusion coefficient
of Ag;Sn growth, which improves reliability against drop
shocks. Zhu et al.'® conducted a comparative study on the
microstructure and mechanical strength of alloyed and doped
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Ag-modified Sn-0.7Cu solders, which were classified as Sn-
0.7Cu solder, Sn-0.7Cu-0.3Ag and Sn-0.7Cu+0.3Ag. The
experimental results showed that the mechanical strength
and electromagnetic resistance of Sn-0.7Cu solder could be
improved by adding Ag to the solder. The excellent perfor-
mance of Sn-0.7Cu-0.3Ag was due to the smaller size and
wider distribution of Ag;Sn in the solder matrix.

The methods described above are not the only ways to
improve IMC properties. The majority of previous litera-
ture has focused on improving solder properties rather than
explaining the reasons for the IMC inhibitory effect in detail.
Unlike the previous studies, we obtain nanometer-scale grain
boundary images from brittle fracture morphology, analyze
Ag and Cu formation by morphology, location, and quantity,
and explain the inhibitory effect of Ag on CusSns generation
in this paper.

Experimental Procedure

SAC305 eutectic alloy was made from 99.999% pure Sn,
Ag, and Cu ingots in an induction furnace at over 1000°C
for 40 min, and the SAC305 solder bar was cast into rec-
tangular specimens measuring 55 mm X 10 mm X 10 mm
with a 45° V-notch. The size marking of the impact stand-
ard specimen is shown in Fig. 1. The samples were placed
in an incubator, which was cooled by liquid nitrogen, and
the temperature of the incubator was controlled by a com-
puter. Each sample was stored in the incubator for 10 min
before impact test. Each data point represented the average
impact energy of three specimens, and the impact curves
were generated via Charpy impact testing at temperatures
ranging from —150 to 20°C. A Zeiss scanning electron
microscope (SEM) was used to view the low-temperature
cracks and collect microscopic morphologies down to
the micron scale. Focused ion beam (FIB) technology
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Fig. 1 The size marking of the impact standard specimen.

was utilized to cut the solder during the trials in order to
more closely analyze the second-phase particle distribu-
tion. Under the electron microscope, it was discovered that
the grain boundaries of the second-phase particles Ag;Sn
and CugSns coexisted. A protective layer was applied to
the second-phase particles to prevent fracture during cut-
ting. Then, the vertical grain boundaries were cut using
the FIB toward the interior of the solder. Finally, a tiny
piece of the sample was produced for transmission electron
microscopy (TEM) observation. Under the TEM, not only
is the morphology of the grain boundary region obtained
at the nanoscale, but the sample composition can also be
examined and the location of the second-phase particles
can be seen.

Results and Discussion

The Low-Temperature Impact Curve of SAC305
Solder

The low-temperature impact curve of SAC305 solder is
shown in Fig. 2. The upper platform region of the impact
curve is —40°C to 20°C, and the fracture mode is ductile
fracture. The lower platform region of the impact curve is
—150°C to —50°C, and the fracture mode is brittle frac-
ture. The ductile-brittle transformation temperature range
is between —50°C and —40°C, as stated by the definition
of the term. The shift of the SAC305 solder from ductile
to brittle can be generally reflected by the impact curve,
but a more in-depth analysis that takes into account the
dispersion of the second-phase particles must be stated
using fracture morphology analysis.
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Fig.2 The low-temperature impact curve of SAC305 solder.

@ Springer



339

X.Zhao et al.

Low-Temperature Fracture Morphology of SAC305
Solder

The difference of the low-temperature impact power of sol-
der can be reflected in its fracture morphology. Because our
research point is the process of ductile-brittle transforma-
tion, we divide the microscopic image into two parts for
observation. The low-temperature fracture morphology of
SAC305 from 20 to —40°C is shown in Fig. 3, and the low-
temperature fracture morphology of SAC305 from —50°C
to —150°C is shown in Fig. 4.

Obvious plastic deformation is observed in Fig. 3. The
dimples became smaller with decreasing temperature, indi-
cating a gradual decrease in ductility, and tearing edges due
to plastic deformation are found in Fig. 3c. Dimples and
tearing edges indicated that the solder was ductile fracture at
this time. The microstructure of the fracture near the V-notch
at —50°C is shown in Fig. 4a. The presence of several tough
nests close to the V-notch is a clear indicator of ductile frac-
ture. Typically, the bottom of the hard nests contains second-
phase particles. Due to the specimen’s tensile or shear defor-
mation, the interface between the second-phase particles and
the matrix initially cracked to form a crack source. As the

stress increased, the amount of deformation increased, the
dimples gradually tore open, and the tough nest formed pro-
truding tearing edges due to plastic deformation, which was
visible in the secondary electron image. The fracture mor-
phology showed cleavage fractures, which indicated brittle
fracture at low temperatures. The brittle fracture continued
toward the center of Fig. 4b fracture morphology, commenc-
ing at the V-notch, where plastic deformation (slip band and
dimples) occurred initially, indicating that the ductile-brittle
transition had already taken place. Figure 4c shows a river
pattern, which is a typical characteristic of brittle fracture
mode. Starting with the V-notch in Fig. 4d, there is no plas-
tic deformation. The separation phenomenon of the second-
phase particles from the matrix is found immediately next
to the V-notch. The transgranular and intergranular fractures
seen in the image are typical features of brittle fractures.
The fracture in Fig. 4e is completely brittle, with many
second-phase particles pulling out on the fracture. Because
the strength of the second-phase particles is greater than
that of the matrix, the matrix cracked first when bearing,
but the second-phase particles did not fracture. The matrix
and the second-phase particles interface debond as the load
increases, until the load reaches the second-phase particle

Fig.3 Low-temperature fracture morphology of SAC305 from 20°C to —40°C: (a) 20°C; (b) —20°C; (c) —40°C.
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(a)
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Fig.4 Low-temperature fracture morphology of SAC305 from —50°C to —150°C: (a) —50°C; (b) —60°C; (c) —70°C; (d) —80°C; (e) —150°C.

fracture strength, at which point the second-phase particles
fracture.

The fracture morphology and energy spectrum of
Ags;Sn and CugSns at —80°C is shown in Fig. 5. The
energy spectrum at region A is shown in Fig. 5b, and
the energy spectrum analysis reveals CugSns. The
energy spectrum at region B is shown in Fig. 5d, and
the energy spectrum analysis reveals Ag;Sn. The fracture

morphology along the crystal contains a large number of
Ag;Sn particles of various shapes and sizes, while only
a few CugSn; particles are present in large pieces at the
interface. Because the reason for the large distribution
of Ag;Sn and the small amount of CugSns could not be
observed in the micrometer morphology, the fracture of
SAC305 was observed in this paper by TEM at a smaller
nanometer level.
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Fig.5 Fracture morphology and energy spectrum of Ag;Sn and CugSns at —80°C: (a, ¢) SAC305 fracture morphology; (b) CugSns energy spec-

trum; (d) Ag;Sn energy spectrum.

The Second-Phase Particle Distribution of SAC305
Solder

Two adjacent second-phase particles were selected for
FIB cutting at the SAC305 fracture to obtain a more visual
distribution of the second-phase particles; the images and
compositional analysis of the SAC305 specimen under TEM
are shown in Fig. 6. The large Cu¢Sn; particle is elongated,
whereas the Ag;Sn particle is positioned in three different
ways. First, the fracture interface has the largest prismatic
particle, with the CugSns particle on the left and the Sn
matrix on the right. Second, the medium-sized oval Ag;Sn
particles are surrounded by CuSn; particles on half of their
length, with the Sn matrix on the left. Finally, three CuySns
particles and the largest CugSn; particle completely surround
the round Ag;Sn particles. Second-phase particles tend to
aggregate at grain boundaries in general; both Ag;Sn parti-
cles and Cu4Sn;s particles are produced at grain boundaries,

@ Springer

albeit in different environments. Ag elements are more con-
centrated than Cu elements, and can be further used to inves-
tigate the distribution pattern of the second-phase particles.

Distribution Mechanism of Second-Phase Particles
in Sn-based Solder

The formation of the second-phase particles is related not
only to the external temperature, but also to the solid solu-
tion degree of the element in the solder matrix. The solid
solubility of an element can be represented by the binary
phase diagram of the element and Sn. According to the “like
dissolves like” theory, the melting points of Ag and Sn are
so different that the solubility of a small amount of Ag in
the eutectic composition is negligible, and almost all of the
Ag forms Ag,Sn particles. The microstructure of Sn-3.5Ag
solder consists of e-Ag;Sn and f-Sn eutectic structures. The
strength and hardness of the Ag;Sn second-phase particles
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Fig.6 The images and compositional analysis of the SAC305 specimen under transmission electron microscopy.

are higher than those of the Sn matrix, which can hinder
dislocations and strengthen the alloy. Therefore, Ag;Sn par-
ticles are more likely to aggregate at grain boundaries. Also,
the presence of Ag;Sn inhibits the mobility and diffusion of
Sn, limiting the generation of boundary behavior.

By comparing the solubility curves of Sn in Ag and Cu,
it can be found that Sn has greater solubility in Ag at the
same temperature. According to diffusion kinetics, the driv-
ing force of IMC formation depends on the activity of its
components.'* For CugSns, its driving force AG depends on
the activity at the Sn interface, which satisfies the formula:

AG = —RT In pg, (1)

where AG is the driving force for the formation of IMC;
R is a constant; T is welding temperature; y is the activity
coefficient of Sn at the interface.

It can be seen from the formula that decreasing the activ-
ity of Sn atoms can effectively inhibit the growth of CugSn,
at the interface, and related studies have found that AG can
be changed by adding alloying elements such as Ag, Ni, Sb,
and Au. The addition of Ag reduces the driving force for
the formation of CugSns, thus inhibiting the formation of
Cu,Sns and making its grains finer. The effect of Ag atoms
on the Gibbs energy AG of the Cu-Sn system was similarly
pointed out by Ma et al.'> Since Ag cannot be dissolved
in CugSns and Cu;Sn, the only way it can affect the inter-
facial reaction is to affect the activity of the reaction ele-
ments.'® In addition, according to the adsorption theory of

surfactant materials, the precipitated-phase Ag;Sn adsorbed
around CugSng helps to reduce the surface energy of CugSns
grains and inhibit its growth.!” As shown in Fig. 6, a small
amount of Cu compounds gathered at the interface, but a
large amount of Cu compounds were dispersed in the matrix.
In conclusion, in lead-free soldering with Cu, we can take
advantage of the inhibitory effect of the presence of Ag in
the soldering material on Cu compounds to hinder the gen-
eration of CuySns or Cu,;Sn at the interface and reduce the
incidence of interfacial fracture aging behavior caused by
IMC.

Conclusions

This study examined the ductile-brittle transition process
of SAC305 solder from —150°C to 20°C, with a focus on
low-temperature mechanical properties. We discovered that
different fracture modes have different morphologies, and
Ag;Sn and CuSn; particles were more likely to be produced
at grain boundaries, using low-temperature fracture mor-
phologies. We used FIB and TEM to obtain nanometer-scale
morphology of the distribution of second-phase particles
inside the solder. We discovered that Ag;Sn particles were
more likely to aggregate at grain boundaries, and more Cu
elements were dispersed in the matrix. Diffusion kinetics
can identify this phenomenon; the driving force for IMC
formation is determined by the activity of its constituents.
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