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Abstract

The present work describes the microstructural changes and their impacts on the electrical resistivity, elastic modulus and
damping property of a eutectic Sn—3.5wt% Ag solder material when exposed to high temperature. A detail microstructural
study was conducted through the scanning electron microscopy with energy-dispersive spectroscopy analysis and electron
backscattered diffraction technique. In as-cast eutectic Sn—Ag solder alloy, sub-micrometer size Ag;Sn intermetallic com-
pound (IMC) particles and bamboo-like dendritic structure with a dimension of length 20-30 um and width 3—-5 ym formed
during solidification. However, after thermal aging treatment at 150 °C for 60 days, the fine Ag;Sn IMC particles and p-Sn
grain appeared with coarse microstructure with the formation of twinning having the <100> twin axis and 60° rotation. As a
result, microstructure and Sn-crystal orientation of Sn—Ag solder greatly impact on its overall properties and turned inferior.
From material properties evaluation, it was confirmed that the electrical resistivity, elastic and shear moduli values were
significantly reduced with aging time. Consequently, the values of damping capacity improved due to the reduction of moduli.

1 Introduction

Continuous pursuit of portability and miniaturization in the
evolution of electronic components and devices towards
higher packing density shrinks the dimensions of the elec-
tronic interconnections [1]. As a result, the current density
across the electronic interconnections was increased sig-
nificantly which leads to a serious reliability problem at
high level current-stressing. Accordingly, the necessity for
high integrity and mechanical reliability become a critical
challenge in the electronic interconnection performances
particularly under the harsh service environments [2, 3].
Generally, lead-containing (Sn—-37Pb) solder was broadly
used in microelectronic devices to assemble the electronic
components to the printed circuit boards (PCBs) because of
its outstanding mechanical properties, well-known process
attributes as well as low cost [3-5]. Nowadays, however, the
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application of lead-based alloys in microelectronic packag-
ing industries is restricted due to their toxicity to human
health and environment [5-7]. Therefore, for more than
three decades, significant researches have been placed on
development and manufacturing of a lead-free Sn-based
interconnect material for green electronic devices [8—13].
Among the new generation environmental-friendly Sn-based
electronic interconnect materials, the near eutectic or eutec-
tic Sn—Ag based solders are considered as an appropriate
candidate materials to replace the lead containing solders
in electronic packaging industries [14—17]. Sn—Ag solder
alloy possess several fascinating features such as good wet-
tability on widely used substrates such as Cu and Ni, good
strength, superior drop reliability and better resistance to
thermal fatigue and creep [16—18]. Furthermore, Sn—3.5A¢g
solder alloy has a eutectic point at 221 °C and contains a
homogeneous distribution of Ag;Sn IMC particles which
significantly influence the mechanical reliability [18]. How-
ever, during the service environments, the device typically
experiences temperature fluctuations, strain/stress cycle and
mechanical or vibration shock with changing the environ-
ments or self-generated heating in response to switch on
and off the devices [19-21] which may gradually change
the microstructure and electrical/mechanical performance
of electronic interconnections. Furthermore, the advanced
microelectronic devices are commonly used in different
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vibration forms and various level of acceleration, which may
damage of the electronic interconnections and initiate the
failure of electronic products [22, 23]. Thus, it is essential
to recognize the capacity of interconnect materials to dis-
sipate energy through vibration that denotes the damping
property. To the best of our literature review and knowl-
edge, only few efforts has been done to figure the damping
properties of as-cast lead-containing and lead-free Sn-based
solder materials [23-27]. However, it is indeed very impor-
tant to estimate the damping properties of Sn—3.5Ag solder
material when subjected to harsh service environments. In
general, the reliability study (e.g., under bump metallization
(UBM)), the physical and mechanical properties of IMC layer
and strength) of electronic interconnections are carried out
after isothermally aging (at 150 °C) with changing aging
time (250-1500 h) [28, 29]. These conditions are frequently
used in two main reasons; firstly IMC growth facilitated at
this environment [29, 30] and secondly industrially this
environment is accepted for simulating the harsh operating
condition. The objective of this work is therefore to explore
the changing of microstructure, electrical resistivity perfor-
mance, elastic moduli and damping capacity of Sn—-3.5A¢g
material after exposed to the harsh service conditions (i.e.,
isothermally aged at 150 °C). Further, focusing to measure
their temperature-dependence and strain amplitude-depend-
ence damping property at various operating temperatures.

2 Experimental procedures
2.1 Materials and microstructure characterization

Commercially available environmental-friendly as-cast
eutectic Sn—3.5Ag solder material (purity 99.8%, Shenzhen
Jufeng Solder Company LTD., China) were cut into cuboid
pieces with a dimension of about 40.0 X7 X 2.2 (in mm)
through wire cutting process. During this process cosmos
machinery coolant (Dx-1) is used to minimize the heat gen-
eration. After that the cutting specimens were grounded by
various grit sizes SiC papers and then polished by Al,O;
suspension with a dimensions of about 40.0x 6.8 x 1.8 (in
mm). Then one set of samples was placed at high tempera-
ture chamber with a constant temperature of 150 °C. Then
their microstructures were analysed by metallography tech-
nique. The polished specimens were etched for 10-15 s in
the solution which contained C,Hs;OH (99 vol%) and HCI
(1 vol%) to observe the microstructure of Sn—-3.5Ag sol-
der. Finally, microstructure and IMC composition were
examined through scanning electron microscopy (SEM,
Hitachi S3400) and EDS analysis. Further, to obtain the
crystallographic information electron backscattered diffrac-
tion (EBSD) (Carl Zeiss Auriga, FEG) was used. Then the
EBSD data was analyzed through Channel 5™ software.
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Before analyzing the specimens through EBSD technique,
the mechanically polished specimens were milled through
an ion milling machine (Hitachi IM4000) with a wide angle
of 3.5 kV ion beam. Crystalline structure of both as-cast and
aged specimens was studied using X-ray diffraction (X’pert
Pro MPD) technique. This system is typically configured
with a copper source, providing X-rays with a wavelength
of 1.54 A.

2.2 Property measurements
2.2.1 Damping capacity

Temperature-dependence and strain amplitude-dependence
damping properties were measured by a dynamic mechani-
cal analyzer (DMA, TA 2980) of as-cast and thermal aging
at 150 °C for 60 days. The single-cantilever mode was used
during the damping capacity measurement.

2.2.2 Modulus measurement

Elastic properties such as elastic and shear moduli were
evaluated using IMCE equipment (RFDA HT 1050) at
room temperature following an impulse excitation method.
Ten such impact tests were carried out on each specimen
a dimension of 40.0x 6.8 x 1.8 (in mm) for obtaining an
acceptable average data. Briefly on this technique, the
specimen is suspended using metal wire in a chamber and
impacted through a ceramic rod. During impaction of the
specimen, the emitted torsion and flexural vibration signals
were captured through a microphone and analyzed by Fast
Fourier Transform [31].

2.2.3 Electrical resistivity measurement

Electrical resistivity at different operating temperatures (i.e.,
in a range of room temperature to 100 °C) was conducted by
an Agilent E4980A precision LCR meter. For each condi-
tion three samples were used for obtaining an acceptable
average data.

3 Results and discussion

Figure 1 illustrates the SEM images of Sn—3.5Ag material
depending on isothermal aging period; (a, b) as-cast, (c,
d) 20 days aging and (e, f) 60 days aging. Through SEM
characterization, it was confirmed that sub-micrometer
sized Ag;Sn IMC phase was generated with network-type
structure in f-Sn matrix during the solidification. Laurila
et al. described in detail through the phase diagram and men-
tioned that two intermetallic compounds grew during the
solidification process of Sn—Ag alloy. One of them is the
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Fig.1 SEM images and elemental mapping of Sn—3.5Ag solder at various aging periods; a, b as-cast, ¢, d 20 days and e, f 60 days

disordered cph phase { and the other is the orthorhombic
short-range ordered Ag;Sn (g) [32]. In the as-cast materials
as shown in Fig. 1a, b, a spheroidal or quasi-sphere e-Ag;Sn
IMC particles were dispersed in Sn-rich dendritic matrix.
However, after thermal treatment this IMC particle size was
changed and appeared with both plate-like and spheroid-like
IMC particles as shown in Fig. 1c—f. The formation of large
Ag,Sn plate can adversely affect the plastic deformation of
Sn—Ag alloy [33]. Henderson et al. also reported three phe-
nomena related to the grain boundary sliding e.g., (i) strain

localization and large strains due to grain boundary sliding
at the interface of Ag;Sn plates and the B-Sn matrix; (ii)
preferred crack initiate at the interface of plate-like e-Ag;Sn
and the p-Sn matrix, (iii) localization of large strains within
the B-Sn matrix at the terminus of e-Ag;Sn plates [34]. Fig-
ure 1b, d, f present the elemental mapping corresponding
to the SEM image of Fig. 1a, c, e. From elemental mapping
analysis, it was found that the needle-shape IMC particles
consist of Ag and Sn elements whereas the dark contrast
matrix appeared with Sn element. Further, EDS analysis was
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carried out as marked “P” and “Q” regions in Fig. 1a. The
inserted EDS profile at bottom corner as marked “P” region
as seen in Fig. 1a presented that the dark contrast matrix
appeared with Sn element whereas marked “Q” region the
needle-shape IMC particles consisted Ag and Sn elements
as seen EDS profile inserted at top corner in Fig. 1b.

Figure 2 illustrates the XRD pattern of Sn—3.5Ag solder
material; (a) as-cast condition and (b) the sample aged for
60 days at 150 °C. From this investigation, it was noted that
Ag;Sn IMC phase was appeared in the -Sn matrix phase. It
is understandable that Sn and Ag elements dissolved during
processing and grew Ag;Sn IMC particle in the $-Sn matrix
subsequent solidification process. However, after isothermal
aging seen in Fig. 2b, no additional crystalline phase was
detected. Therefore, the XRD result confirmed that the iso-
thermal aging treatment of as-cast Sn—Ag solder alloy did
not grow any other crystalline IMC phase.

To understand the crystallographic information’s for
example grain size and orientation, large area EBSD scan
was carried out in the as-cast Sn—Ag solder material. Unique
grain color mapping are presented in the relevant micro-
graphs in Fig. 3a—e. Grains are separated in different colors
with a misorientation angle higher than 15°. In EBSD low
magnification transvers surface image as shown in Fig. 3a,
b, the network type Ag;Sn IMC phase was found in -Sn
matrix as evidenced in inserted phase image. However, in
certain direction dendrite-shape Sn phase was grown in dif-
ferent orientation as marked in dotted rectangular box in
Fig. 1a. To clearly observe the dendrite structure the speci-
men was cross-sectioned by a wide angle 3.5 kV ion beam
(Hitachi IM4000). In cross-sectioned EBSD image as shown
in Fig. 3c, in low magnification image unidirectional colum-
nar structure was originated. However, in inserted phase map
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Fig.2 XRD profiles of Sn—3.5Ag solder material depending on aging
time; a as-cast solder material and b solder material exposed for 60
days at 150 °C
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image (see in Fig. 3d) the fine Ag;Sn IMC network struc-
ture was observed in B-Sn matrix. Further in the enlarge
image (Fig. 3d, e) fine bamboo-like Sn dendrite structure
(e.g., length 20-30 um and width 3—5 um) was found with a
special orientation <100> 60° relationship with the matrix
grains.

Figure 4 shows EBSD micrographs of Sn—3.5Ag material
after exposing at 150 °C for 60 days; (a) transvers surface,
(b) high resolution image in eutectic region and (c) and (d)
cross-sectional images. In low magnification transvers sec-
tion EBSD image, the Ag;Sn IMC particles were observed
to be evenly distributed in the eutectic colony that clearly
indicated in inserted phase map image (Fig. 4a). However,
to understand size of Ag;Sn particles and Sn grain orienta-
tion, the high magnification EBSD image was taken in the
eutectic region as shown in Fig. 4b. From this characteriza-
tion it was noticed that the relatively coarse Ag;Sn IMC
particles (about 1-5 pm) are scattered in different orientation
Sn grains. In the cross-section EBSD images (Fig. 4c, d), the
eutectic colony and Sn matrix were clearly observed without
bamboo-like dendritic structure. The plausible explanation
for nonappearance the bamboo-like dendritic structure is
due to crystal growth during high temperature aging. How-
ever, after isothermally aged specimen, interestingly line-
type fine features are generated in the Sn matrix (marked by
arrowheads in Fig. 4d). Namely, the line-type fine features
detected in the isothermally aged alloy contains cyclic twin
boundaries with a special orientation <100> 60° relation-
ship with the matrix grains. In earlier studies, similar results
obtained from the EBSD investigation when the eutectic
Sn—Ag solder materials cooled with different cooling rate
during reflow process. It was reported that the fine feature
observed in fast-cooled Sn—Ag solder materials is attributed
to the twin boundary with a relationship of <100>twin axis
and 60° rotation [35, 36]. This coarsening nature of grains
and twin formation during real-life application affects the
mechanical reliability of electronic interconnects in modern
electronic products that can lead to electronic product fail-
ure. Further, Anderson et al. [37] found that coarse primary
B-Sn dendritic structure in lead-free solder system degraded
the thermal-mechanical fatigue resistance.

In modern miniaturized electronic device, the sizes of
electronic interconnections shrink remarkably. Conse-
quently, the current density across the electronic intercon-
nections is increased drastically. Therefore, it is important
to measure the electrical property (e.g., electrical resistivity)
of a solder material for understanding the overall perfor-
mance of an advanced green electronic product. Figure 5a
illustrates the electrical resistivity of as-cast Sn—Ag mate-
rial and material exposed at 150 °C with varying the iso-
thermal aged duration—measured at (a) room temperature
and (b) different operating temperatures. Electrical resistiv-
ity of Sn—3.5Ag solder material decreases gradually from
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Fig.3 EBSD micrographs of as-cast Sn—3.5Ag solder material; a, b transvers surface, ¢ cross-sectional and d, e high resolution images as den-

dritic structure

12.13 to 10.58 pQ cm as the isothermal aging period reach
to 60 days. The room temperature resistivity value of as-
cast Sn—Ag material is similar to the other existing research
results. For instance, the resistivity value of environmen-
tal-friendly as-received eutectic Sn—0.7Cu and Sn-3.5Ag
materials were about 11.93 and 12.0 pQ cm, respectively
[30, 38, 39]. Furthermore, in the temperature dependence
measurement it was clear that the electrical resistivity values
of both samples were gradually increased with the operating
temperatures as presented in Fig. 5b. However, the thermal
aged solder material displayed lower resistivity than that of
the as-cast solder material. The plausible explanation for
indication a lower resistivity is probably to alter the shape,
size and uniformity of the IMC phase.

Elastic and shear modulus of environmental-friendly
as-cast Sn—3.5Ag solder material and material after expos-
ing at 150 °C for 60 days were measured by the IMCE
machine as shown in Fig. 6a. From this measurement, it
was confirmed that after exposing at high temperature
the elastic and shear moduli values were reduced signifi-
cantly. The main reason for the degradation of material

properties was that the harsh environments influenced the
formation of Ag;Sn IMC phase (size and orientation) as
well as increased the f-Sn matrix grains size. The degra-
dation of material properties may negatively impact on
the life-span of electronic devices. Figure 6b shows the
temperature-dependence damping capacity of as-cast sol-
der material and solder material expose at 150 °C for 60
days—measured at 1 Hz frequency using DMA equipment.
The damping property is obtained from calculating the
ratio of the loss-modulus to storage-modulus [19]. The
damping property increases with the operating tempera-
ture. The damping property of as-cast and after exposing
to high temperature at 150 °C, the eutectic Sn—Ag solder
alloy exhibited a similar pattern. However, the damping
property of Sn—Ag solder sample exposed at 150 °C for
60 days appeared to have higher values than that of as-
cast sample. From the temperature-dependence damping
capacity curve, the values of damping capacity were very
low at low temperature (from — 100 to — 60 °C) of all
samples, and then these values increased significantly with
temperature. Consequently, the temperature dependence of
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| AgySn
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Fig.4 EBSD micrographs of Sn—-3.5Ag material after exposing at 150 °C for 60 days; a transvers surface, b high resolution image in eutectic

region and ¢, d cross-sectional images
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Fig.5 Electrical resistivity of Sn—3.5Ag material; a measured at room temperature relying on aging durations and b measured at different oper-

ating temperatures of as-cast material and after 60 days aging

damping capacities can be separated into two sections; (i)
an ADB (athermal damping background) occurred at low
temperature between — 100 and — 60 °C and (ii) a HTDB
(high-temperature damping background) or an exponen-
tial damping background achieved at a higher temperature
above — 60 °C [26, 40]. Similar damping behavior was

@ Springer

found in the conventional Sn—37Pb solder alloys [24, 26].
It was clearly stated that the ADB creates through disloca-
tion damping that confirmed by the Granato—Lucke dislo-
cation theory [41]. The temperature dependence damping
capacity of as-cast Sn—3.5Ag solder material and solder
material expose at 150 °C for 60 days for — 100 °C were
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Fig.6 a Elastic and shear moduli, b temperature-dependence damping property and ¢, d strain amplitude-dependence damping property of Sn—
3.5Ag solder material; e.g., ¢ as-cast, d after aging for 60 days—measured at 1 Hz frequency

about 0.0057 and 0.0062, respectively—while the corre-
sponding values at 100 °C were about 0.048 and 0.053.
Figure 6¢, d shows the strain amplitude-dependence damp-
ing property of eutectic Sn—3.5Ag material after exposure
in harsh environments e.g., (c) as-cast and (d) after aging
for 60 days—measured at 1 Hz frequency at different oper-
ating temperatures in between — 25 °C to 125 °C (homolo-
gous temperatures (T/T,,) from 0.5 to 0.8). From this strain
amplitude-dependence measurement, the value of damp-
ing capacity for as-received alloy measured at —25 °C
(T=0.5T,) was very low (less than 0.01) at low strain
rate and then this value was gradually increase with the
strain rate. However, after exposing at harsh environments
for 60 days the damping capacities presented slightly
higher values (above 0.015) at low strain rate. Moreover,
the strain amplitude-dependence damping capacity values
also increased with increasing the homologous tempera-
tures (T/T,,) from 0.5 to 0.8. The interesting phenomena
were observed after exposing at harsh environments that
the values of damping capacities were increased gradually
at a range of strain from 0.0025 to 0.015 and then these
values were increased significantly. Trojanova et al. [42]

demonstrated that the strain amplitude-dependence damp-
ing property presented two main reasons. The damping can
be separated by two components;

07 (e)= 05" + 05/ (e) (1)

where Oy !is the damping capacity independent/weekly
dependent on strain and the damping capacity Q;,_I)(g) is
strongly relied on the strain-amplitude. From this investiga-
tion, it was found that the damping property of Sn-3.5Ag
solder material was primarily dominated by Q;l)(e) rather
than the O !, This phenomenon was much obvious in the
thermal aging specimens. The damping properties of as-cast
Sn—3.5Ag material and solder material aged for 60 days,
at low strain for 125 °C, were approximately 0.035 and
0.036, respectively. On the other hand, at high strain their
corresponding values were approximately 0.08 and 0.128,
respectively.

Figure 7 illustrates the stress versus strain graphs of envi-
ronmental-friendly Sn—3.5Ag solder material after exposure
in harsh environment e.g., (a) as-cast alloy and (b) alloy
exposed at 150 °C for 60 days—measured at 1 Hz frequency
and different temperatures (from —25 °C to 125 °C). From
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Fig. 7 Stress and strain graphs of Sn—3.5Ag solder material; a as-cast and b after aging for 60 days—measured at 1 Hz frequency

this stress and strain graphs, the stress of all solder alloys
increased linearly with strain value. However, it is worthy
noted that the stress values were reduced significantly with
their operating temperature. Furthermore, after exposure in
harsh environments the stress and strain curves shifted to
downward as compared to as-cast Sn—3.5Ag solder mate-
rial. This feature indicates that the experimental results
confirmed indicates that thermal aging of environmental-
friendly eutectic Sn—Ag solder material degraded the elastic
properties which can negatively impact on the life-time of
electronic devices.

4 Conclusions

The present work investigates the thermal aging impacts on
structure, electrical resistivity, elastic moduli and damping
characteristic of a lead-free Sn—3.5Ag material. From micro-
structure analysis, the fine network-type Ag;Sn IMC phase
and bamboo-like $-Sn grains in certain direction were found
in as-cast solder material. However, after isothermal aging
the remarkable changes in the microstructure were observed
in presence of Sn grain size, grain orientation, cyclic twin
with a special orientation <100> 60 ° relationship with the
matrix grains and IMC growth which impacts on the mate-
rial properties of Sn—3.5Ag material. The damping property
of Sn—3.5Ag material enhanced after exposing at harsh envi-
ronments. Consequently, the elastic/shear moduli as well as
electrical resistivity of Sn—3.5Ag material were significantly
degraded. A comparison between as-cast solder material and
aged solder material presents that the reductions in shear and
elastic moduli were approximately 39% and 23.3, respec-
tively, where as in electrical resistivity degradation was
approximately 12.8%. The material properties degradation
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behavior of electronic interconnect material can minimize
the life-time of modern green electronics.
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