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This study investigated microstructure, thermal behavior, and mechanical
properties of Sn-3.3Ag-0.5Cu alloys (SAC) with the addition of transition met-
als (TM, Ni, Co, and Zn). Results show that alloying with TM elements was able
to reduce the degree of undercooling and strengthen SAC alloys. Among these
elements, only Zn can raise the ductility. CoSn and Cu-Ni-Sn intermetallics
appeared, respectively, in the Co-containing and Ni-containing samples while
coarse Sn dendrites and a large area of eutectic phases could be observed in
the specimens with Zn. These microstructural changes led to an inferior vibra-
tion fracture resistance under resonant vibration with a constant pull force.
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INTRODUCTION

Near-ternary eutectic Sn-Ag-Cu alloys are consid-
ered one of the most favorable systems as a lead-free
solder. However, there are still some shortcomings
that need to be overcome, for example, a somewhat
higher melting temperature,1 hot tearing due to
coarse proeutectic Sn dendrites,2 large Ag3Sn plate
and thus induced strain localization,3 and excess
growth of interfacial compounds.4 Several alloying
elements have been proposed for modifying the mi-
crostructure, thermal behavior, and interfaces of
Sn-Ag-Cu joints. Numerous reports have indicated
that In and Bi can be applied to reduce the melting
points of Sn-Ag alloys.5–7 Also, Sb and rare earths
(RE) can significantly retard the growth of interfa-
cial compounds during thermal aging.8–10

Recent research has revealed that additions of
transition metals (TM) to Sn-Ag-Cu alloys provided
a marked improvement in microstructural modifica-
tion and mechanical properties and have attracted
considerable attention. Anderson et al.11,12 proposed
that adding Co and Fe can effectively refine micro-
structure, reduce the degree of undercooling, modify
interfacial Cu-Sn compounds, and increase the
shear strength of joints with Cu. Kariya et al.13 sug-
gested that a very small amount of Ni addition (0.05
wt.%) can enhance the low cycle fatigue endurance
of flip-chip interconnections. Also, it has been

reported that for the joints of Ni-doped Sn-Ag
solders and Cu, interfacial IMC was irregular
(Cu,Ni)6Sn5 rather than scalloped Cu6Sn5 and did
not show an observable change in thickness after
long aging time.14,15 Suganuma et al.16 reported
that TM elements (including Fe, Ni, Co, Mn, and Ti)
can form various intermetallic compound (IMC)
precipitates and reduce undercooling in solidifica-
tion to varying extents. Kang et al.17 demonstrated
that a minor Zn addition has the ability to reduce
undercooling efficiently and suppress the formation
of massive primary Ag3Sn plates. It was also found
that Zn can retard the growth of Cu-Sn compounds
at Sn-Ag-Cu/Cu interfaces suffering multiple reflow
cycles and solid-state annealing.18,19

To further understand the effect of TM additions
on the microstructure and mechanical properties, in
this study near-eutectic Sn-Ag-Cu-X (X 5 Ni, Co,
and Zn) were prepared to investigate the relation-
ships between solidification structure and thermal
and tensile properties. Additionally, the vibration
fracture resistance of solders is of importance when
joints are assembled, e.g., in vehicles and air-
craft,20,21 and is apparently influenced by the micro-
structural features. Therefore, vibration tests were
also performed to evaluate the effect of TM addi-
tions on the mechanical performance of Sn-Ag-Cu
alloys. The vibration properties examined included
the vibration fracture resistance, crack propaga-
tion morphology, and ability to absorb vibration
energy.(Received April 19, 2006; accepted June 29, 2006)
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EXPERIMENTAL PROCEDURES

The Sn-Ag-Cu-X alloys investigated were Sn-3.3
wt.% Ag-0.5 wt.% Cu alloy and those with 0.5 wt.%
TM addition (Ni, Co, and Zn). The specimens are
designated according to their compositions and are
referred to as SAC, SAC-Ni, SAC-Co, and SAC-Zn.
All the alloys were prepared by melting pure metal
in a vacuum arc melting furnace and subsequently
remelting and casting into a Y-shaped graphite
mold. The average solidification rate was measured
to be 16.7°C/sec. Excessive growth of primary inter-
metallic phase, Ag3Sn, could be prevented under
this cooling condition.
All the specimens were soaked in an oil bath at

120°C for 1 h to stabilize the microstructure before
testing. Using an image analyzer, the microstruc-
tural characteristics, secondary dendrite arm spac-
ing (SDAS) of Sn, and the area fraction of individual
phase were analyzed quantitatively. Each datum
was the average of 15 observations. A scanning elec-
tron microscope (SEM) and an electron probe micro-
analyser (EPMA) were used to observe and analyze
the microstructure.
The thermal behavior of the alloys was investi-

gated using differential scanning calorimetry (DSC)
analysis. The specimens were heated up to above
300°C and then cooled to the ambient temperature,
with a constant rate of 1°C/min.
To collect tensile data for reference, rectangular

specimens (gauge length section: 20 mm 3 5 mm 3
2 mm) were also prepared to perform tensile tests
(initial strain rate: 7.5 3 10�4 s�1). Each datum was
the average of five tests or more.
A simple cantilever beam vibration system,

shown schematically in Fig. 1a, was used for the
vibration experiments. The graphite cast test speci-
men (Fig. 1b), rectangular with dimensions 20 mm
3 100 mm 3 4 mm, was mounted and fixed on end
to the vibration shaker. Two V-notches near the
clamp were made to restrict crack initiation from
the notch front. The vibration force was monitored
using an acceleration sensor, and the deflection
amplitude of the specimen at the end opposite the
vibration shaker was detected by a deflection sensor
once a second. The resonant vibration tests were con-
ducted with a fixed vibration force (2G, where G
denotes the acceleration due to gravity, 9.8m/s2) at
the resonant frequency. The resonant vibration
tests were conducted at the resonance frequency,
which was taken as the frequency leading to the
largest deflection and determined by varying the
vibration frequency continuously. The variation in
deflection amplitude against the number of vibra-
tion cycles was recorded. Each datum was the aver-
age of results from more than 3 samples.
To understand the crack propagation due to vibra-

tion deformation, crack tortuosity, 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, was quantified (Fig. 2). Each datum
was the average of results from 5 samples.

Damping capacity was measured in terms of log-
arithmic decrement (d value), which was derived
from the deflection amplitude decay of a specimen
under free vibration. Logarithmic decrement value
is defined as follows:22

Fig. 1. (a) The vibration apparatus (1. vibration controller, 2. accel-
eration sensor, 3. vibration shaker, 4. specimen clamp, 5. specimen,
6. deflection sensor, 7. recorder). (b) The dimension of test speci-
mens (unit: mm).

Fig. 2. Definition of crack tortuosity.
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d5 1/n ln (Ai/Ai1n)

where Ai and Ai 1 n are the deflection amplitude of
the ith cycle and the (i 1 n)th cycle separated by n
periods of oscillation.

RESULTS

Microstructural Feature and
Thermal Properties

Figure 3 shows the microstructure of the speci-
mens investigated. As illustrated, Sn dendrites
and the interdendritic regions with eutectic phases
composed of Sn, Ag3Sn, and Cu6Sn5 could be
observed. The Sn dendrites became finer with the
addition of Ni or Co, while the SAC-Zn samples pos-
sessed coarser Sn dendrites and, remarkably, a
larger area of eutectic phases. The quantitative data
of the microstructural changes are listed in Fig. 4.
In addition to the intermetallics of ternary eutectic
phases Ag3Sn and Cu6Sn5, additional compound

particles resulting from alloying, named heteroge-
neous IMCs, can be clearly observed in the SAC-
Ni and SAC-Co samples (Fig. 3b and 3c). The area
fraction of these heterogeneous compounds was
about 5% for both the Ni-containing and Co contain-
ing specimens. Figures 5–7 display the magnified
structure of the samples. In addition to finer Sn
dendrites, the IMC particles in the interdendritic
regions of the SAC-Ni samples were less packed
compared to those of the SAC (Fig. 5a and 5b).
Cu-Ni-Sn compounds with dendritic or chunky
appearance were dispersed mainly within the ter-
nary eutectic regions (Fig. 5b). EPMA analysis
results (Fig. 5c) reveal that those compounds can
be distinguished into (Cu0.61,Ni0.39)6Sn5 and
(Ni0.84,Cu0.16)3Sn4. Figure 6 illustrates the enlarged
structure of the SAC-Co sample, which shows
numerous acicular and rectangular intermetallics.
The morphology and composition of these com-
pounds (Fig. 6b), reveal that the main intermetallic
phase was CoSn2. In addition, a high Co phase,

Fig. 3. Microstructures of the specimens: (a) SAC, (b) SAC-0.5Ni, (c) SAC-0.5Co, and (d) SAC-0.5Zn (heterogeneous compounds are indicated
by arrows).
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CoSn, and an unreported low Co phase with about
10 at.% Co could also be observed. The CoSn2 sur-
rounding CoSn can be considered as the reaction
product of a peritectic transformation, L 1 CoSn
/ CoSn2.

23 Figure 7 shows that Sn dendrites
became coarse in the Zn-added samples. Interest-
ingly, a very small amount of Zn-rich phase (Fig.
7b) of composition Zn-9–20%Sn, could be found
within the interdendritic regions. In addition, Zn
atoms were also detected to segregate at the inter-
dendritic regions (Fig. 7c and 7d).
To further understand the microstructural differ-

ences caused by alloying TM elements, the ther-
mal behavior of the specimens was also examined.
Figure 8 shows the DSC endothermic and exother-
mic peaks of the samples used upon heating and
cooling respectively. Figure 8a reveals that upon
heating, the temperatures of the endothermal peaks
for the eutectic reaction of the samples did not differ
very much, and that of the SAC-Zn specimen was
slightly lower than the others. Due to undercooling,
the exothermic peaks upon cooling for all the

samples appeared at a lower temperature compared
to their endothermal peak, but the reductions in tem-
perature were not identical (Fig. 8b). Remarkably,
the exothermic peaks for the samples with TM addi-
tions were observed at higher temperatures than
the unalloyed sample, especially for SAC-Zn and
SAC-Co. The transition points for each specimen,
the onset temperature of the endothermic peaks
(which was regarded as the melting point), as well
as the peak temperatures of endothermic and exo-
thermal reactions and their difference representing
degree of undercooling, are shown in Fig. 9. It is
worth noting that the degree of undercooling
decreased in turn from SAC, SAC-Ni, SAC-Co, to
SAC-Zn. The SAC-Zn sample exhibited a drastically
reduced undercooling of only 5.2°C.

Tensile Properties and Performance
Under Resonance

Figure 10 lists the tensile properties, elongation to
failure, yield strength, and ultimate tensile strength

Fig. 4. Quantitative data of the microstructure of the specimens: (a) area fractions of the phases and (b) secondary dendrite arm spacing (SDAS)
of Sn dendrites.

Fig. 5. Magnified structure of (a) the SAC and (b, c) the SAC-Ni samples and the compositions of Cu-Ni-Sn IMCs pointed out by arrows.

Microstructural Characteristics and Vibration Fracture
Properties of Sn-Ag-Cu-TM (TM 5 Co, Ni, and Zn) alloys 2157



of the specimens. We see that the Ni-containing and
Co-containing alloys have a greater tensile strength
and lower ductility than the SAC alloy. It is worth
noting that with 0.5 wt.% Zn, a combination of
improved strength and greater elongation could be
obtained. Cross-sectional structure shown in Fig. 11

illustrates that heterogeneous IMCs including CoSn
and Cu-Ni-Sn intermetallics were well-bonded with
the matrix, and no decohesion of the particle-matrix
interface could be observed in the severely deformed
region near fracture surface. It could also be found
that fracturing tended to propagate along those

Fig. 7. (a) Magnified structure of the SAC-Zn, (b) the Zn-rich phase, (c) the extended eutectic region, and (d) the compositions (in at.%) of point A
in (b) and area B in (c).

Fig. 6. (a) Magnified structure of the SAC-Co and (b) the morphology and composition (in at.%) of the CoSn compounds.
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heterogeneous IMCs. Some fragmented IMCs were
observed on the fracture surface.

The dependence of deflection amplitude on the
number of vibration cycles (D-N curve) for a fixed
vibration force of 2G is shown in Fig. 12a. The fre-
quencies applied in each case are shown in Table I.
Those are 80 Hz for the SAC, 78 Hz for the SAC-Ni,
and 82 Hz for both the SAC-Co and SAC-Zn speci-
mens. After a short initial ascending stage caused
by strain hardening, the deflection amplitude re-
mained nearly constant with increasing vibration
cycles, but subsequently, the deflection amplitude
decreased with increasing vibration cycles due to
the deviation of the actual vibration frequency
from the resonant frequency caused by the inward
propagation of major cracks.24 Therefore, the vibra-
tion life of a sample can be defined as the number
of cycles at the beginning of descending deflection
amplitude.

As illustrated in Fig. 12b, the vibration life (crit-
ical cyclic number to failure) in decreasing order
was SAC, SAC-Ni, SAC-Zn, and SAC-Co, while that
for initial deflection amplitude was SAC-Zn, SAC-
Co, SAC, and then SAC-Ni. According to the meas-
ured logarithmic decrement (Table I) and the data of
initial deflection, it can be derived that the deflec-
tion amplitude of the specimens is inversely propor-
tional to the damping capacity (Fig. 13). However,
there seems to be no direct correlation between
damping capacity and vibration life. This will be
discussed later.

Results of microstructural observation on the
samples’ surface after vibration test are shown in
Fig. 14. It reveals that a deformation zone appeared
around the main crack in-between the two V notches
of the specimen. Figure 14b displays that the vibra-
tion-deformed structure was observed only within
Sn-rich dendritic regions and exhibited a striated

Fig. 8. DSC analysis results: (a) upon heating and (b) upon cooling.

Fig. 10. Tensile strength and elongation of the samples (UTS: ulti-
mate tensile strength; YS: yield strength; EL: total elongation).

Fig. 9. Transition points and the degree of undercooling estimated
from Fig. 8 (Tp-endothermic and Tp-exothermic are ultimate temper-
ature value of the endothermic peaks upon heating and exothermic
peaks upon cooling; Tonset is the onset point of heat absorption
upon heating).
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deformation pattern. It was found that the SAC-Zn
sample (Fig. 14e) had a smaller number of these
white regions than the others. The tortuosity of
the main crack remained constant for the SAC and
SAC-Ni samples but was relatively lower for the
SAC-Co and SAC-Zn specimens (Table II).

Detailed observation (Fig. 15) showed that the
main crack tended to grow through or along the
broken massive compounds (Cu-Ni-Sn or CoSn).
Some broken IMCs were also found embedded in
the vibration-deformed regions (Fig. 16).

DISCUSSION

Effect of TM Alloying on the Microstructure

It has been reported that the addition of transition
metals can reduce the undercooling of Sn-Ag-Cu
alloys and also leads to an improved strength.16,17

Microstructural observation results (Figs. 3–7) show
that Co and Ni formed additional intermetallics
rather than inherent Ag3Sn and Cu6Sn5 of Sn-Ag-
Cu eutectic alloys. These heterogeneous IMCs might
act as heterogeneous nucleation sites for Sn den-
drites upon solidification and thus reduce the under-
cooling requested. A previous report reveals that
hypereutectic SAC alloys with primary Cu6Sn5 show
the same phenomenon.25 The heterogeneous nuclea-
tion speculation could also explain the refined struc-
ture of the SAC-Ni and SAC-Co alloys.

Zn also has a great effect on suppressing the
undercooling. Kang et al.17 reported that Zn segre-
gated with the eutectic phases and may have formed
Zn containing IMCs with Cu. However, in this study
a high Zn phase (Zn content was about 80 at.%) was

Fig. 11. Cross-sectional images of the fractured tensile specimens with heterogeneous IMCs: (a) SAC-Co and (b) SAC-Ni (IMCs are indicated
by arrows).

Fig. 12. (a) D-N curves of the samples under a fixed vibration force of 2G and (b) initial deflection amplitude and vibration life estimated from (a).

Table I. Resonant Frequencies and Logarithmic
Decrements of the Specimens.

Sample
Resonant

Frequency (Hz) d value (310�3)

SAC 80 6 1 15.8
SAC-0.5Ni 78 6 1 17.1
SAC-0.5Co 82 6 1 15.0
SAC-0.5Zn 82 6 1 14.4
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observed within the interdendritic regions. The
addition of Zn led to a more equilibrium solidifica-
tion of SAC alloys, and this is evidenced by the
increased area fraction of eutectic phases. However,
the mechanism to reduce undercooling required for
crystallization of Sn dendrites for SAC-Zn alloys is
not identical to those with other elements and needs
further investigation.

Role of Structural Phases on
Mechanical Properties

It has been demonstrated that in Sn-Ag-Cu solder
balls and at the joints Sn grain sizes are quite large
and are strongly affected by the composition and
cooling rate.26–29 Cyclic growth twinning could be
observed in the alloys with a near ternary eutectic
composition.28 Also, the degree of anisotropy of Sn
grains is closely related to the mechanical behavior
of the solder joints.26 However, previous studies have
proved that striated deformation in the Sn-rich
phase plays an important role in absorbing vibration
energy for Sn base solder alloys.24,25,30 The size of Sn
dendrite arms and the distribution of second phases
dispersed in the Sn matrix are the dominant factors.
Therefore, we discuss these two factors rather than
size and orientation of Sn grains.
The striated deformation of the Sn-rich phase was

caused by the extrusion-intrusion of the complex
slip planes of the body-centered tetragonal (bct) Sn
under high-frequency cyclic stress.31 Because of the
unequilibrium crystallization feature, Sn-Ag alloys
exhibit an off-eutectic structure. As illustrated in
Fig. 14b, striated deformation occurs easily in Sn

dendrites. Based on the Granato-Lücke theory,32

easier dislocation movement will lead to a higher
damping capacity.

Microstructural refinement and formation of het-
erogeneous IMCs caused by addition of Ni and Co
significantly affect the vibration properties of Sn-
Ag-Cu alloys. The size reduction of the Sn dendrites
caused by Co and Ni was considered to restrict the
striated deformation and stunted dislocation slip.
On the other hand, interfaces between heterogeneous

Fig. 13. Relationship between damping capacity and initial deflection.

Fig. 14. Surface morphology of vibration-deformed specimens: (a) SAC, (b) enlarged image of (a), (c) SAC-Ni, and (d) SAC-Co, and (e) SAC-Zn.
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compounds and Sn matrix contribute to more inter-
nal friction and thus greater damping capacity. In
the case of the SAC-Co sample, the effect of grain
refining was dominant and resulted in a subse-
quently lower damping capacity and higher initial
deflection. As for the SAC-Ni, one more factor
should not be ignored: a less dense IMC distribution
in the interdendritic regions, which may lower the
deformation resistance of Sn in these regions. The
dispersed eutectic phases combined with the pres-
ence of Cu-Ni-Sn compounds overcame the negative
influence by microstructural refining and led to the
greater damping capacity of SAC-Ni alloys.

The nature of massive intermetallics affects crack
propagation.24,25 Breakdown of IMCs during vibra-
tion will acceletare the crack growth. On the other
hand, IMCs which do not break severely are advan-
tageous to vibration fracture resistance. In this

study, heterogeneous IMCs, Cu-Ni-Sn, and CoSn
collapsed when suffering vibration deformation.
The main crack tended to pass through the broken
compounds and resulted in quick cracking and
reduced vibration fracture resistance. This can
explain why the critical cycles to failure and damp-
ing capacity did not show a linear relationship.

In spite of the coarse Sn dendrites, the SAC-Zn
samples exhibited an inferior damping capacity.
This can be ascribed to the large area of eutectic
phases resulting from solidification more at equili-
brium than the others. Furthermore, the higher
eutectic area caused by Zn additions has a positive
influence on the tensile strength without reducing
elongation. Heterogeneous IMCs and their accom-
panying refining structure also hardened the alloys
but the strengthening effect is inferior to the widely
distributed eutectic network of the SAC-Zn. The
existence of the CoSn and Cu-Ni-Sn particles did
degrade the ductility. However, the SAC-Co and
SAC-Ni specimens still possessed elongation greater
than 40% due to good bonding between the IMCs
and Sn matrix.

CONCLUSIONS

Transition metal additives Co, Ni, and Zn (0.5
wt.%) were individually applied to modify the eutec-

Table II. Crack Tortuosity of the Specimens
(error value: ±0.01)

Sample Tortuosity

SAC 1.12
SAC-Ni 1.12
SAC-Co 1.06
SAC-Zn 1.07

Fig. 16. Broken IMCs embedded in the vibration deformed structure of the samples: (a) the SAC-Ni and (b) the SAC-Co.

Fig. 15. Broken compounds, indicated by arrows, in vibration deformed structure of the (a) SAC-Ni and (b, c)SAC-Co samples.
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tic Sn-Ag-Cu alloy in this study. The influence on
microstructure, thermal behavior, and mechanical
properties of are summarized as follows:

• Addition of Co and Ni gives rise to the refine-
ment of Sn-rich dendrites and the formation of
heterogeneous intermetallics, several CoSn com-
pounds, (Cu,Ni)6Sn5, and (Ni,Cu)3Sn4. Zn has a
tremendously different contribution to the micro-
structure. Without forming IMCs, coarse Sn den-
drites and an increased area fraction of eutectic
phases, as well as a very small amount of Zn-rich
phase, could be observed in the Zn-added alloys.

• All TM additions have the ability to reduce the
degree of undercooling. SAC-Zn alloys possessed
the smallest undercooling of only 5.2°C.

• With respect to tensile properties, SAC-Zn exhib-
its a combination of high tensile strength and
great elongation. The specimens with Co and
Ni have improved strength but decreased ductil-
ity. However, all the samples in this study pos-
sessed elongation of above 40%.

• The logarithmic decrement in decreasing order is
SAC-Ni, SAC, SAC-Co, and SAC-Zn. The forma-
tion of Cu-Ni-Sn compounds and less-packed
IMC distribution in the interdendritic regions
gives rise to the greatest damping capacity of
Ni containing alloys. Critical cyclic number to
failure of the specimens decreases in turn from
SAC, SAC-Ni, SAC-Zn, to SAC-Co. The break-
down of heterogeneous IMCs suffering vibration
is probably responsible for the low vibration frac-
ture resistance of SAC-Ni and SAC-Co samples.
The worst damping capacity of the SAC-Zn alloy
probably accounts for its short vibration life.
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