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Abstract The effect of Cu content on the microstruc-
ture and the vibration deformation mechanisms of a
potential lead-free solder, Sn—-9Zn-xCu (x = 0.2, 0.5,
0.7, 1.0 wt.%), are examined in this study. Results
show that Zn-rich phase and Sn—Zn eutectic decreased,
while Cu-Zn intermetallic compound and proeutectic
Sn-rich phase increased with increasing the Cu content.
For the specimens with high Cu content (0.7Cu and
1.0Cu), hard massive CusZng existed mostly amongst
the proeutectic Sn-rich phase dendrites, and Zn-rich
dispersed unevenly, leading to the deterioration in the
tensile strength and ductility. Under a constant vibra-
tion force and constant initial-deflection testing, the
high Cu specimen with a higher damping capacity
was able to absorb more vibration energy and thus
possessed a greater vibration fracture resistance. In
addition, the lamellar-deformed structures (LDS) and
CusZng were able to increase the crack tortuosity,
which in turn increased the crack propagation resis-
tance.

Introduction

The Sn—Zn eutectic alloy has recently been considered
as a candidate for a lead-free solder material because
of its low melting point (198 °C), excellent mechanical
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properties and low cost [1, 2]. However, since Zn-
containing alloys have the problems of oxidation and
wetting [3, 4], new Sn—Zn based alloys are still under
development. Many reports have shown that the
wetting ability and mechanical properties of Sn-Zn
based solders can be enhanced by the addition of Cu,
Ag, Bi etc [5-7]. Also, one related study [7] revealed
that Cu addition has a significant influence on the
oxidation and wetting of Sn—Zn alloys. Considering the
low cost of Cu addition, Sn—Zn—Cu alloys show great
potential as lead-free solder materials.

Given that failure may occur due to vibration, e.g.,
in vehicles and aircraft, the vibration fracture resis-
tance should be taken into consideration in the design
of Sn—Zn based solder alloys when the solder joints are
assembled. Previous studies [8-10] have investigated
the vibration behavior of several Sn-based solder alloys
under resonant conditions. The eutectic Sn—Zn alloy
has been found to exhibit inferior vibration-fracture
resistance compared to commonly used Sn—Pb and Sn—
Ag solders due to the uniformly distributed Zn
needles. Since Cu addition has a significant influence
on the microstructure of Sn—Zn alloys, one aim of this
study was to use Sn-9Zn-xCu (x =0, 0.2, 0.5, 0.7,
1.0 wt.%) alloys to investigate the effect of Cu on the
resonant vibration fracture behavior. In addition, the
crack propagation morphology and the ability to
absorb vibration energy were also examined.

Experimental procedure
Master alloys of near-eutectic Sn-9Zn-xCu (x = 0, 0.2,

0.5, 0.7, 1.0 wt.%) alloy were prepared by melting pure
tin, pure zinc and pure copper in a high-frequency
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induction furnace. The alloy ingots were then remelted
and cast into a Y-shaped graphite mold. Hereafter, the
specimens will be designated according to Cu content
as 9Zn, 0.2Cu, 0.5Cu, 0.7Cu, and 1.0Cu (see Table 1).
To obtain steady properties, before testing, each
specimen was subjected to stabilization treatment at
120 °C for 2 h followed by air cooling to room
temperature. The microstructures of the alloys were
determined quantitatively using an image analyzer and
X-ray diffraction. The Cu-Ko standard (4 = 1.5403 nm)
was used for X-ray diffraction. The scanning angle was
varied from 25° to 60° and the scanning velocity was
0.5° min~'. The tensile specimens had a gauge length of
20 mm, width of 5.4 mm, and thickness of 2.4 mm. The
tensile mechanical properties under an initial strain
rate of 7.5 x 10 s, as well as the hardness of each
phase in the matrix, was ascertained.

A simple cantilever beam vibration system was used
for the vibration experiments and damping measure-
ments (see Fig. 1a), and test specimens (Fig. 1b), which
were rectangular with dimensions 100 x 20 x 4 mm,
were mounted and fixed on end to the vibration shaker.
Two circular-notches near the clamp were made for
observing microstructural evolution in the vicinity of
the notch front. The vibration force was monitored
using an acceleration sensor (vibration from top to
bottom), and the deflection amplitude of the specimens
at the end opposite the vibration shaker was measured
using a deflection sensor. For the vibration frequency
vs. deflection amplitude curve, the maximum deflection
amplitude must be at a resonant frequency condition.
The resonant frequency was taken as the frequency
leading to the largest deflection and was determined by
varying the vibration frequency continuously [10].

SEM was used for fracture analysis of the micro-
structures. Crack tortuosity of the specimens which
suffered vibration was quantified. Crack tortuosity is
defined as the ratio of the length of the main crack to
the projected length of this crack along the transverse
direction of the specimen. Each data was the average
of 3—4 test results. Damping capacity was measured in
terms of logarithmic decrement (6 value), which was
derived from the deflection amplitude decay of a
specimen under free vibration. Logarithmic decrement

Table 1 Chemical composition of the specimens (inductively
coupled plasma analysis, ICP)

Specimen Zn (Wt.%) Cu (wt.%) Sn (wt.%)
9Zn 9.02 - Bal.
0.2Cu 9.13 0.22 Bal.
0.5Cu 9.08 0.53 Bal.
0.7Cu 9.11 0.70 Bal.
1.0Cu 8.96 1.01 Bal.
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Fig. 1 (a) Schematic diagram of the vibration equipment and (b)
shape and dimensions of the specimens for resonant vibration
(Vibration Direction, V.D.)

value is defined as follows [11]: 6 = n' In (AJ/A, . ),
where A; and A;, , are the amplitudes of successive
cycles.

Results and discussion

Effect of Cu content on the microstructure and the
tensile properties

Figure 2 shows the microstructures of the Sn—-9Zn—xCu
solder alloys. The matrix contained Sn-rich phase, Zn-
rich phase, Sn—Zn eutectic and Cu—Zn intermetallics.
On increasing the Cu content, Cu-Zn intermetallics
and Sn-rich had increased, and Zn-rich and Sn-Zn
eutectic decreased. In addition, the finer needle-like
Zn-rich phase dispersed in the tin matrix and a very
small amount of proeutectic Sn-rich phase and Cu-Zn
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Fig. 2 Microstructure of the
Sn—9Zn-xCu solders: (a) 9Zn,
(b) 0.2Cu, (¢) 0.5Cu, (d)
0.7Cu, and (e) 1.0Cu
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Fig. 3 X-ray diffraction patterns of the Sn—9Zn—xCu solders
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intermetallics could be observed in the specimens with
lower Cu content (0.2Cu and 0.5Cu specimens). These
microstructural features were similar to the Sn-9Zn
eutectic. For the specimens with higher Cu content
(0.7Cu and 1.0Cu specimens), a great number of
proeutectic Sn-rich dendrites formed and Cu-Zn
intermetallics existed mostly amongst the proeutectic
Sn-rich dendrites.

The X-ray diffraction patterns shown in Fig. 3
identify the Cu-Zn intermetallic phases as CusZng
and the amount of these compounds increased with
increasing Cu content. For later discussion, the micro-
hardness of each phase of the 1.0Cu matrix is shown in
Fig. 4. The results reveal that the average value for
CusZng compounds was highest, followed by Sn-Zn
eutectic and Sn-rich phase, respectively.

Figure 5 shows the typical tensile stress—strain
curves of the Sn—-9Zn-xCu solder alloys. This figure
indicates that the modulus of elasticity of the 0.2Cu
specimen was highest, while the specimens with a
higher Cu content exhibited a lower modulus of
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Fig. 4 Micro-hardness of each phase for the 1.0Cu specimen

elasticity. Detailed tensile results (Fig. 6) revealed that
the 0.2Cu specimen possessed higher tensile strength
and lower total elongation than the other specimens.
As for the total elongation, all Sn—9Zn—xCu specimens
were higher than 40%.

In the structures of the lower Cu content specimens
(Fig. 2b, c), a large amount of Zn-rich phase dispersed
in the tin matrix and resulted in an increase in the area
of the phase boundaries. This not only made it harder
for the dislocation to move, but also led to better
dispersion strengthening. This must be one reason why

60 —0—0 9Zn
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®—9—9(05Cu
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Fig. 5 Engineering stress-strain curve of the Sn-9Zn-xCu
specimens
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Fig. 6 Tensile mechanical properties of the specimens: (a)
U.T.S. and Y.S., (b) total elongation

the tensile strength was raised. When a further
0.7 wt.% Cu was added into the Sn-9Zn-xCu alloy
(Fig. 2d, e), the number of proeutectic Sn-rich den-
drites increased greatly, Sn—Zn eutectic decreased and
Zn-rich phase dispersed unevenly, leading to a deteri-
oration in the tensile strength. Notably, Sn-rich phase
in the structure increased with an increased Cu
content, which should have improved the ductility.
However, the experimental results reveal that both the
ductility and tensile strength of the higher Cu content
specimens were lower. This is because the amount of
hard massive CusZng compounds (Fig. 4) increased
with an increased Cu content, and existed mostly
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Table 2 Logarithmic decrement (6 value) and resonant fre-
quency (fixed vibration force: 3.5G, G: 9.8 m/s) of the Sn—Zn—x

Cu specimens

Specimen

( value

Frequency (Hz)

9Zn

0.2Cu
0.5Cu
0.7Cu
1.0Cu

0.228
0.178
0.224
0.293
0.311

82 +1
83 +1
83 +1
76 £ 1
76 + 1

® 97Zn

€ 0.2Cu
[ 0.5 Cu
O 0.7 Cu
A 1.0Cu

amongst the proeutectic Sn-rich dendrites. CusZng
compounds undermined the ductility of Sn-rich phase.
So, Cu addition resulted in variations in the structure,
which in turn affected the tensile data.

D-N curve characteristic and vibration life of Sn—
9Zn-xCu alloy

Table 2 shows the logarithmic decrement value (J) of
the Sn—9Zn-xCu alloys. The 0.2Cu specimen possessed
the lowest 6 value, showing that it had the lowest
damping capacity. When the Cu content of the speci-
men exceeded 0.7 wt.%, the logarithmic decrement
value exhibited an obvious upward trend (see Table 2,
comparing x.x Cu specimen with 9Zn specimen). In
addition, the resonant frequencies of the Sn—9Zn-xCu
specimen under a fixed vibration force of 3.5G are also
shown in Table 2. The specimens with lower Cu content
(0.2Cu and 0.5Cu specimens) had similar resonant
frequencies (~83 = 1 Hz). However, the resonant fre-
quency of the 0.7Cu and 1.0Cu specimens were lower
(~76 = 1 Hz) than that of the other specimens.

Figure 7a shows the D-N curves (deflection ampli-
tude vs. number of vibration cycles) of the specimens
under resonant frequency. This figure shows that the
initial deflection amplitude of the 0.2Cu specimen was
highest (~1.8 mm), while that of the 1.0Cu specimen
was lowest (~1.2 mm). Comparing the initial deflection
amplitudes of Fig. 7a with the logarithmic decrement
values (o) of Table 2, we see that the initial deflection
amplitude of the specimens was inversely related to the
Cu content. In other words, the specimens with higher
o value possessed a lower initial deflection amplitude.
Figure 7a, as well as relevant references [8-10], indi-
cates that the D-N curve can be divided into an initial
stage with ascending deflection amplitude, a second
stage in which deflection remained constant, and a final
stage with a descending deflection amplitude. The
ascending and constant deflection amplitudes within
Stage I and Stage II can be attributed to the effect of
strain hardening in competition with crack generation
and linking within this region. The descending deflec-
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Fig. 7 D-N curves of the Sn—9Zn—xCu specimens: (a) under a
fixed vibration force of 3.5G and (b) under a fixed initial
deflection amplitude of 1.6 mm

tion amplitude in Stage III is due to the deviation of
the actual vibration frequency from the resonant
frequency caused by the inward propagation of major
cracks. In Fig. 7a, the 0.2Cu curve shows an obvious
Stage I, revealing that strain hardening was active
during initial vibration. There is a virtual absence of
Stage II, and the 0.2Cu curve immediately enters Stage
II1. As for the 0.7Cu and1.0Cu curves, they begin from
Stage II, where they remain for an extended period,
before finally entering Stage III.
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Fig. 8 Vibration life of the Sn—9Zn-xCu solders

To avoid the effect of damping capacity, in this study
the vibration force of the specimens was controlled to
obtain identical initial deflection amplitude. This

Fig. 9 Vibration deformed
structures of Sn-9Zn-xCu
specimens (3.5G): (a) 9Zn,
(b) 0.2Cu, (¢) 0.5Cu, (d)
0.7Cu, and (e) 1.0 Cu
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allowed us to measure the variation of the D-N curves
under constant vibration strain conditions (i.e., identi-
cal initial deflection conditions). Under the initial
deflection of 1.6 mm, the D-N curves of the specimens
were similar (Fig. 7b). Comparing Fig. 7a with Fig. 7b,
the vibration cycle number of the 0.2Cu specimen
increased within Stage II and Stage I1I due to the initial
deflection amplitude descending (from 1.96 to
1.60 mm). However, when the initial deflection ampli-
tude was raised in the 0.7Cu and 1.0Cu specimens, the
number of vibration cycles decreased significantly
within Stage II and Stage III.

A previous study revealed that a Sn-9Zn-0.5Cu
specimen had a ~3 Hz deviation of the actual vibration
frequency from the resonant frequency when the
deflection amplitude was decreased to 94% of the
maximum value. Therefore, the vibration life in this
study was defined as the vibration cycle number when
the deflection amplitude was reduced to 95% of the
maximum value at the beginning of Stage I11. Based on
this definition, Fig. 8 shows the critical number of
vibration cycles. We see that the vibration life under
constant force (-G) conditions lengthened with a
higher Cu content. In addition, the vibration life of
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Fig. 10 Surface morphology
of the Sn—9Zn—xCu
specimens after vibration
(3.5G): (a) 9Zn, (b) 0.2Cu, (c)
0.5Cu, (d) 0.7Cu, and (e) 1.0
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Fig. 11 The crack tortuosity of the Sn—9Zn-xCu under both
constant force (3.5G) and initial-deflection condition (1.6 mm)

the 1.0Cu specimen was better, while those of the other
specimens were similar under the identical initial
deflection of 1.6 mm (-D). Under both constant force

and initial-deflection conditions, the specimens with a
higher damping capacity exhibited a greater vibration
fracture resistance.

Under constant force condition (3.5G), the speci-
mens with higher Cu content possessed a lower initial
deflection (Fig. 7a) and a higher logarithmic decrement
value (Table 2). Our results confirm that these speci-
mens underwent a lower vibration strain which
reduced the driving force of crack propagation. This
is one reason why the higher Cu specimens possessed a
higher vibration life. However, the higher modulus of
elasticity of the lower Cu specimens (see Fig. 5a, i.e.,
rigidity) not only raised the deflection, but also reduced
the logarithmic decrement value, detrimentally affect-
ing the crack propagation resistance and the vibration
life. SEM was used in this study to examine the
characteristics and mechanisms of vibration fracture.

Effects of vibration-deformed structure

and proeutectic second-phase on the vibration
fracture behavior

The surface lamellar-deformed structures (LDS) of all

specimens were observed after the constant-force
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Fig. 12 Vibration deformed structures of the Sn-9Zn-xCu
specimens (3.5G): (a) 0.2 Cu, (b) 1.0 Cu, and (¢) lamellar
deformed structures enhanced the tortuosity (1.0Cu)

vibration test (Fig.9). The lamellar-deformation
regions were mostly found in the Sn-Zn eutectic
structure of the 9Zn specimen (Fig. 9a). As for the
lower Cu content specimens, lamellar-deformed struc-
tures (LDS) were found not only in the eutectic
structure, but also in the proeutectic Sn-rich phase
(Fig. 9b,c). Notably, the area fraction of LDS increased
as the Cu content of a specimen increased (Fig. 9d,e).
From observations of the crack propagation, it was
found that the regions of LDS by the side of a
vibration-crack also had a tendency to expand with

@ Springer

increasing the Cu content of a specimen. In addition,
the higher Cu specimens had a higher crack tortuosity
than that of the lower Cu specimens (Fig. 10), reveal-
ing that crack tortuosity is closely related to the
vibration-deformed characteristics.

Figure 11 shows the crack tortuosity of the Sn—-9Zn—
xCu specimens after both constant force (3.5G) and
initial-deflection (1.6 mm) vibration testing. Regard-
less of constant force or constant initial-deflection
testing, the tortuosity of the 1.0Cu specimen was higher
and that of the 0.2Cu specimen was lower. This result
agrees with the 6 value of Table 2. In addition, Fig. 11
also explain that even increasing the vibration force of
the high Cu content specimen made the initial-deflec-
tion increase (from ~1.3 mm (Fig. 7a) to ~1.6 mm
(Fig. 7b), and this still possessed higher crack tortuos-
ity. In other words, the high Cu content specimen had
excellent crack propagation resistance.

Reportedly [1, 8-10], the lamellar-deformed struc-
tures (LDS) of proeutectic Sn-rich phase also affect the
damping capacity. The high Cu content specimen was a
hypoeutectic structure (Fig. 2d, e), within which could
be found a great number of LDS on the proeutectic Sn-
rich phase after vibration testing. These LDSs (Fig. 9d,
e) not only absorbed the vibration energy, but also
reduced the deflection, which was advantageous to
crack propagation resistance. However, the lower Cu
content matrix was similar to the Sn-9Zn eutectic
structure (Fig. 2b, ¢) and Zn-rich phase suppressed the
formation of LDS (Fig. 9b, c), which in turn reduced
both the absorbability of the vibration energy and
vibration life deterioration. After vibration testing, the
micro-cracks near the regions of LDS also had a
tendency to increase with increasing the Cu content of
a specimen (Fig. 12a, b). The vibration micro-cracks
led the major crack to propagate along the regions of
LDS and increased the crack tortuosity (Fig. 12c). This
must be one reason for the high Cu content specimen
having higher crack tortuosity.

In Fig. 10c, d, CusZng is separated from the bound-
ary of the lamellar-deformed zone on the crack
propagation path, and micro-cracks were also observed
around this CusZng (Fig. 9b). These finds also explain
why the crack tortuosity was raised. So, the proeutectic
CusZng was advantageous to vibration resistance.
Detailed observations of the crack propagation path
(Figs. 9a, 10a) reveal that the main crack mostly grew
along needle-like Zn-rich phase without breaking it,
while a few lamellar-deformed zones and micro-cracks
were found. That is why the crack tortuosity was lower.
According to relevant references [12-13], the internal
friction effect between the second phase and matrix
affects the damping capacity of the material. In this
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study, CusZng compounds increased and Zn-rich phase
decreased with increasing the Cu content of a speci-
men. From observations of the vibration-deformed
characteristic and Fig. 8, the hard massive CusZng
compound (Fig. 4) was able to provide a greater
vibration resistance than Zn-rich phase. Both lamel-
lar-deformed structures (LDS) and proeutectic second
phase were the main factors in the vibration crack
propagation mechanism.

Conclusion

1. For Sn—-Zn-xCu solder alloys, Sn-rich phase and
Cu—Zn intermetallics increased, and Zn-rich phase
and Sn-Zn eutectic decreased with increasing Cu
content. In the specimens with higher Cu content
(0.7Cu and 1.0Cu specimens), the tensile strength
deteriorated owing to the hard massive CusZng
existing mostly amongst the Sn-rich dendrites and
Zn-rich dispersing unevenly.

2. When the Cu content of a specimen exceeded
0.7 wt.%, the logarithmic decrement value in-
creased and the modulus of elasticity dropped.
The resultant higher damping capacity was able to
absorb more vibration energy and lengthen the
vibration life. In addition, the crack tortuosity and
the amount of LDS were raised with increasing the

Cu content. The proeutectic CusZng not only
increased the crack tortuosity but was also advan-
tageous to vibration resistance.
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