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Abstract

The microstructure and adhesion strength of the Sn—9Zn—1.5Ag—xBi (x =0 wt% and 2 wt%)/Cu interface after electrochemical polarization have
been studied by X-ray diffraction (XRD), scanning electron microscopy (SEM) and pull-off testing. The equilibrium potentials of Sn—9Zn—1.5Ag/Cu
and Sn—9Zn-1.5Ag-2Bi/Cu are —1.31 V. and —1.22 V., respectively, indicating that Sn—9Zn—1.5Ag-2Bi/Cu has a better corrosion resistance
than that of Sn—9Zn—-1.5Ag/Cu. The intermetallic compounds of CugSns, CusZng and Ags;Sn are formed at the soldered interface between the
Sn-9Zn-1.5Ag—xBi solder alloy and the Cu substrate. The scallop-shaped CueSns is close to the Cu substrate and the scallop-shaped CusZng is
found at the interface in the solder matrix after soldering at 250 °C for 10s. The corrosion products are ZnCl,, SnCl, and ZnO. On the other hand,
pits are also formed on the surface of both solder alloys. The interfacial adhesion strength of the Sn—9Zn-1.5Ag/Cu and Sn—9Zn-1.5Ag-2Bi/Cu
decreases from 8.27 + 0.56 MPa and 12.67 & 0.45 MPa to 4.78 4= 0.45 MPa and 8.14 & 0.38 MPa, respectively, after electrochemical polarization

in a 3.5 wt% NaCl solution. The fracture path of the Sn—9Zn—1.5Ag—2Bi/Cu is along the solder alloy/ZnO and solder/CusSn; interfaces.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For electronic parts and devices, solder joints provide electri-
cal conductivity and suitable mechanical strength [1]. Although
a lot of solder alloys can be chosen, a 63Sn—-37Pb eutectic
solder alloy has been widely used for microsoldering in elec-
tronic assembles because of its excellent wettability and other
necessary properties such as appropriate melting temperature
and surface tension. However, its application in the electronic
packaging industry is restrained because of its toxicity and a
ground-water pollution problem, resulting in an emergent need
for research on lead-free solders used in electronic industry to
substitute the Pb—Sn system [2].
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In order to design a new lead-free solder alloy, several
important factors such as melting point, wettability, solder joint
reliability, and corrosion resistance have to be considered [3,4].
A lower melting point decreases the probability for the flux
of polymer matrix during the reflowing process. An excellent
wettability makes Cu substrates to react with solder alloys to
form intermetallic compounds (IMCs) at the interface between
them. Sn—9Zn solder alloy is a promising material to be used in
lead-free packaging process because its melting point of 198 °C
is close to that of the 63Sn—-37Pb solder alloy. Moreover, the
Sn—-9Zn solder alloy also has excellent mechanical properties
[5]; however, it is susceptible to oxidation and corrosion.

Takemoto et al. [6] have pointed out that adding Ag to the
Sn—9Zn lead-free solder alloy inhibits the anodic dissolution of
Zn and enhances the wettability of the solder alloy on the Cu
substrate. Chang et al. [7] have reported that the solidus tem-
perature of the Sn—9Zn—xAg solder alloy is around 197 °C, but
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the liquidus temperature decreases from 225.3°C to 221.7°C
and 223.6 °C for Ag content in the solder alloy increasing from
1.5 wt% to 2.5 wt% and 3.5 wt%, respectively. Moreover, Kirk-
endall voids have not been found at the interface between the
Sn-9Zn—xAg solder alloy and the Cu substrate as reported by
Chang et al. [8].

Furthermore, Chang et al. [9] have demonstrated that the
Sn-9Zn-0.5Ag-11In solder alloy has a near-eutectic composi-
tion and melts at 187.6 °C with the heat fusion of 73.1J/g. The
metals of 89 wt% Sn, 9.0 wt% Zn, 1.5 wt% Ag and the addition
of 0.5 wt% Bi were melted at 600 °C in a stainless steel crucible
and cooled in air to form the Sn—9Zn-1.5Ag—0.5Bi near-eutectic
solder alloy with the melting point and range of 195.9 °C and
10 °C, respectively, as demonstrated by Liu et al. [10]. On the
other hand, the electrochemical behavior of the Sn—9Zn—xAg
lead-free solders in a 3.5 wt% NaCl solution have been reported
by Chang et al. [11]. However, the microstructure and adhe-
sion strength of the Sn—9Zn-1.5Ag-2Bi/Cu after polarization a
3.5 wt% NaCl solution have not yet been discussed in detail.

The microstructure and adhesion strength of the
Sn-9Zn-1.5Ag-2Bi/Cu have been studied by electrochemical
polarization, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and pull-off testing. The objective of
this study are to: (i) compare the corrosion resistance of the
Sn-9Zn-1.5Ag and Sn-9Zn-1.5Ag-2Bi solder alloys, (ii)
identify the corrosion products for the Sn—-9Zn-1.5Ag-2Bi
solder alloy and (iii) determine the adhesion strength of the
Sn-9Zn-1.5Ag-2Bi/Cu after polarization in a 3.5 wt% NaCl
solution test.

2. Experimental procedure

The Sn—9Zn-1.5Ag—xBi (x=0wt% and 2 wt%) solder alloys used in this
study were melted with pure metals (purity is 99.9%) of 89. 5 wt% Sn, 9.0 wt%
Zn, 1.5wt% Ag for Sn—9Zn—1.5Ag and 87.5wt% Sn, 9.0wt% Zn, 1.5 wt%
Ag, 2.0 wt% Bi for Sn—9Zn-1.5Ag-2Bi, respectively. They were degreased and
deoxidized with 5vol% HCI and 5 wt% NaOH solutions, respectively, rinsed
with deionized water and then melted at 600 °C in a stainless steel crucible.

The substrate was an oxygen-free, high conductivity (OFHC) Cu plate and
cleaned by the same procedure as mentioned above for pure metals. After clean-
ing, the Cu substrate was fluxed in a 3.5 wt% DMAHCI solution (3.5 wt%
dimethylammonium chloride and ethanol as a solvent) for 10 s, hot-dipped in
the molten solder alloy at 250 °C for 10's and then cooled in air.

The electrochemical polarization was conducted according to the Japanese
International Standard (JIS G 0597). A potentiostat (model 273, EG&G, USA)
with a software was utilized to determine the over-potential of the solder alloy,
a schematic diagram of the electrochemical instrument is shown in Fig. 1 [12].
A 3.5 wt% NaCl solution (Wako Pure Chemical Industries Ltd., 99.5% purity,
Osaka, Japan) was used as a test medium and deacrated by N, with purity of
99.9% for 30 min before polarization. The sample was then connected to the
cell as shown in Fig. 1, in which a Pt-coated Ti net was used as a counter elec-
trode and the reference electrode was a saturated calomel electrode (SCE) with a
stable potential of 0.244 V in a saturated KCI solution. The sample was cathod-
ically polarized at —1.5 Vg for 10 min and then from —1.7 Ve to 0.5 Ve
at a sweeping rate of 1 mV/s. Before it, the sample was ground with sandpa-
pers to expose the fresh surface. After it, the corrosion products on the sample
surface were cleaned with acetone and determined by X-ray diffraction (XRD,
D-MAX IIIB, Rigaku, Tokyo) at a scanning rate of 2°/min for 26 from 20°
to 80°. The microstructure was observed with a scanning electron microscope
(SEM, JXA-840, JEOL, Tokyo).

After the electrochemical polarization, the corrosion products on the sample
surface were removed with sandpapers and the clean sample was attached to
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Fig. 1. Schematic diagram of electrochemical instrument.

an Al stud with diameter of 0.27 cm (0.106in.). The strength of an epoxy on
an Al stud was 70 MPa. A pull-off testing was described elsewhere [10]. The
instrument exerted a force on the stud at a rate of 89.0 N/s until the Al stud was
separated from the sample. The adhesion strength of the Sn—9Zn—-1.5Ag-2Bi/Cu
interface was recorded with a computer. A total of 20 samples were measured
in this study.

3. Results and discussion

3.1. Phase identification of the IMCs at the
Sn—9Zn—1.5Ag—xBi/Cu interface before and after the
electrochemical polarization

Fig. 2 illustrates the polarization curves of the Sn—9Zn—1.5Ag
—xBi solder alloys with the Cu substrate in a 3.5 wt% NaCl solu-
tion. The equilibrium potentials (Eeq) of the Sn—9Zn-1.5Ag/Cu
and Sn-9Zn-1.5Ag-2Bi/Cu are —1.31 Vg and —1.22 Vg,
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Fig. 2. Polarization curves of Sn—9Zn-1.5Ag—xBi (x =0 wt% and 2 wt%)/Cu in
a 3.5 wt% NaCl solution.
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Fig. 3. XRD patterns of Sn—9Zn—1.5Ag—xBi/Cu interfaces soldered at 250 °C
for 10s: (a) x=0 and (b) x=2.

respectively, indicating that the Sn—9Zn-1.5Ag-2Bi/Cu has a
better corrosion resistance than that of the Sn—9Zn-1.5Ag/Cu
in a 3.5wt% NaCl solution. Moreover, the passivation poten-
tial (Epass) of the Sn—9Zn-1.5Ag/Cu is 0.15V and the current
density varies is from 107 A/cm? to 1072 A/cm?. When the
current density also varies from 10~* A/em? to 1072 A/cmz, the
passivation potential of the Sn—-9Zn-1.5Ag-2Bi/Cuis —0.15 V.
This result shows that the addition of Bi enhances the corrosion
resistance.

Fig. 3 shows the XRD patterns of the Cu substrate hot-dipped
in the melted Sn—9Zn-1.5Ag—xBi solder alloy at 250 °C for 10's.
It indicates that CugSns, CusZng and AgzSn are formed at the
interface between the Sn—9Zn—1.5Ag—xBi solder alloy and the
Cu substrate. This result is consistent with that of Chang et al.
[13].

Yu et al. [14] have pointed out that the bcc vy-CusZng
layer is one of the IMC layers formed at the Sn—9Zn/Cu and
Sn—Zn—Al/Cu interfaces. Ag3Sn is formed at the solder alloy/Cu
interface when the Ag content of the solder alloy is above
0.1 wt% because the solubility of Ag in Sn is quite low even at
the eutectic temperature [15]. Chang et al. [16] found that AgzSn
is formed at the Cu/CusZng interface in the Sn—9Zn-0.5Ag sol-
der alloy. In the present study, AgzSn formed at the Cu/CusZng
interface in the Sn—9Zn—-0.5Ag solder alloy. Moreover, AgzSn
is observed in the XRD patterns, showing that a higher dipping
temperature is beneficial to the formation of AgzSn. Further-
more, the same phases appear in micrographs in Fig. 3(a) and
(b), showing that the IMCs are not changed at the solder alloy/Cu
interface when 2 wt% Bi is added to the Sn—9Zn-1.5Ag solder
alloy system.

The XRD patterns of the Sn—9Zn—1.5Ag—xBi/Cu after elec-
trochemical polarizationin a 3.5 wt% NaCl solution are shown in
Fig. 4. Itindicates that Ag3Sn and CugSns IMCs are retained and
the corrosion products are SnCly, ZnCl; and ZnO. This result is
due to that Ag3Sn and CugSn;s are more noble than the Sn matrix
in that does not dissolve but acts as a cathode in the test [11].
Moreover, the Sn matrix acts as an anode in the electrochemi-
cal polarization, which reacts with C1~ to form SnCl,. Vincent
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Fig.4. XRD patterns of Sn—9Zn-1.5Ag—xBi/Cu interfaces after electrochemical
polarization in a 3.5 wt% NaCl solution: (a) x=0 and (b) x=2.

and Richards [17] have pointed out that ZnCl, is formed in the
Sn—9Zn solder alloy during the corrosion process. On the other
hand, in the Zn2+/H20 system, ZnO is the most stable product
[18].

3.2. Microstructure of the Sn—9Zn—1.5Ag—xBi/Cu interface
before and after the electrochemical polarization

Fig. 5(a) illustrates the microstructure of the
Sn-9Zn-1.5Ag/Cu before the electrochemical polariza-
tion. It is found that the scallop-shaped CueSns is close to
the Cu substrate. The scallop-shaped CusZng is found at the
interface in the solder matrix after soldering at 250 °C for 10s.
The CusZng layer is the most stable phase at the Sn—9Zn/Cu
interface as shown by the thermodynamic calculation and it is
in agreement with Lee et al. [19]. For the Cu substrate dipped
in the Sn—9Zn solder alloy at 350 °C for 30s, the IMC layer is
CusZng as demonstrated by Chang et al. [13]. In the present
study, CugSns is found at the interface close to the Cu substrate
and CusZng is also found in the solder matrix. This result is
due to the Cu diffused to the Sn—9Zn-1.5Ag solder alloy during
soldering because Ag increases the solubility of Cu in Sn as
demonstrated by Chada et al. [20] Because the Ag diffuses
and reacts with Sn to form Ag3zSn, on the other hand, Cu also
diffuses through channels and reacts with Sn to form CugSns
during soldering. The more Ag addition induces the more
channels for Cu diffusing and increasing the solubility in Sn.
Chang et al. [21] have pointed out that the Sn—9Zn-3.5Ag/Cu
interface after soldering at 350 °C for 10s, the scallop-shaped
CusZng layer is found at the interface, and subsequently the
scallop-shaped CugSns layer has replaced the CusZng at the
interface close to the solder alloy after soldering for 20 s. In the
present study, the IMCs are different from the result of Chang
et al. [21]. This is basing on the different dipping temperature
250°C and 350°C for Sn-9Zn-1.5Ag and Sn-9Zn-3.5Ag
solder alloy, respectively, to affect the IMCs formation.

This result is perhaps due to that the 1.5 wt% Ag addition and
soldering at 250 °C make Cu diffuse to the Sn—9Zn-1.5Ag sol-
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Fig. 5. SEM micrographs of Sn—9Zn—1.5Ag—xBi/Cu interface: (a) as-soldered for x =0, (b) after electrochemical polarization for x=0, (c) as-soldered for x =2 wt%

and (d) after electrochemical polarization for x=2 wt%.

der alloy and decrease the Cu solubility in Sn so that Cu reacts
with Sn to form CugSns at interface near the Cu substrate. On the
other hand, Cu with Zn to form CusZng in the solder matrix also
creates the Cu solubility decreased. Moreover, Cu diffusion also
induces the formation of microvoids at the interface. This phe-
nomenon is caused by the solubility of Cu in Sn and Zn decreased
during solidification and the precipitates in solder matrix reacted
with Sn and Zn to form the CugSns and CusZng, respectively.
Therefore, not only the high diffusivity of Cu caused IMCs for-
mation in the solder matrix, but also induced the microvoids at
the interface. This result agrees with that of Chang et al. [21].
The corroded surface of the Sn—9Zn—1.5Ag/Cu interface is
illustrated in Fig. 5(b), revealing that the corrosion products
of ZnCl,, SnCl, and ZnO and pits are found in that alloy.
Chang et al. [11] have demonstrated that the formation of
pits is due to the dissolution of AgZn3 and AgsZng of the
Sn-9Zn-1.5Ag solder alloy in the electrochemical polarization.
But in the present study, AgZn3; and AgsZng are not formed at
the Sn—9Zn—-1.5Ag/Cu interface; therefore, the pits formation
may be due to the dissolution of CusZng. The Sn—9Zn solder
alloy is reported to be sensitive to pitting corrosion [11]. On the
other hand, the corrosion products of ZnCl, SnCl, and oxygen
are found. Oxygen comes from the electrolysis of H,O and is

trapped in the pits to react with Zn?*, forming ZnO. ZnCl, and
SnCl; are formed through the adsorption of aggressive C1™ ions
at the surface of solder alloy in the protective film and their accu-
mulation in these imperfections are considered as an important
factor initiating corrosion products [22].

The microstructure of the Sn—9Zn—-1.5Ag-2Bi/Cu interface
soldered at 250°C for 10s is shown in Fig. 5(c). It indicates
that the scallop-shaped of CugSns and CusZng are formed at the
interface close to the Cu substrate. The AgzSn particles are still
embedded in the solder. The micrographs shown in Fig. 5(a) and
(c) are the same IMCs at the interface, namely, Bi addition to
the Sn—9Zn-1.5Ag solder alloy does not affect IMCs formation.
The micrograph shown in Fig. 5(d) is the corrosion surface of
the Sn—9Zn-1.5Ag-2Bi/Cu interface after the electrochemical
polarization in a 3.5 wt% NaCl solution. It exhibits that small
pits are formed in the Sn—9Zn—1.5Ag-2Bi solder alloy and the
corrosion products of ZnO, ZnCl, and SnCl, are also found,
agreeing with the XRD result shown in Fig. 4. On the other hand,
the micrographs shown in Fig. 5(b) and (d) are the same corro-
sion products for the Sn—9Zn-1.5Ag and Sn-9Zn-1.5Ag-2Bi
solder alloys after the electrochemical polarization, however,
the pits of the Sn—9Zn—1.5Ag-2Bi solder alloy is less than that
of the Sn—9Zn-1.5Ag, showing that the corrosion resistance of
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Fig. 6. Interfacial adhesion strength of Sn—9Zn—-1.5Ag—xBi/Cu for as-soldered
and after electrochemical polarization.

the Sn—9Zn-1.5Ag-2Bi solder alloy is higher than that of the
Sn—9Zn-1.5Ag. This result also matches the polarization curves
of the Sn—9Zn-1.5Ag/Cu interface shown in Fig. 2.

3.3. Interfacial adhesion strength and fracture path of the
Sn—9Zn—1.5Ag—xBi/Cu

The interfacial adhesion strength of the Sn—9Zn-1.5Ag—xBi
lead-free solder alloy which has been soldered on the Cu
substrate at 250°C for 10s and electrochemically polarized
in a 3.5wt% NaCl solution is shown in Fig. 6. The adhe-
sion strengths are 8.27 +0.56 MPa and 12.67 £ 0.45 MPa for
the as-soldered Sn—9Zn—-1.5Ag and Sn—9Zn1.5Ag-2Bi solder
alloys, respectively. Bi Addition to the Sn—-9Zn-1.5Ag sol-
der alloy is beneficial to the enhancement of the adhesion
strength. Liu et al. [23] have pointed out that the adhesion
strength of the Sn—9Zn-1.5Ag—0.5Bi soldered on the Cu sub-
strate at 250°C for 60 is 12.44 +£0.58 MPa. In the present
study, although added with 1.5wt% Bi, adhesion strength is
only 12.67 £ 0.45 MPa. This is due to short soldering time, only
10s, and the AgsSn formed with the adhesion strength near
12.44 4+ 0.58 MPa. Since a longer soldering time promotes the
diffusion of elements and offers a higher bonding strength in
the interface. On the other hand, when Cu substrate dipping
in Sn—9Zn-1.5Ag-0.5Bi solder alloy at 250°C for 60s, the
Ag3Sn was not formed at the solder alloy/Cu interface. Dur-
ing aging at 150°C for 100h, the Ag3Sn formed and created
the adhesion strength of Sn—-9Zn-1.5Ag—0.5Bi/Cu decreased
from 12.44 £+ 0.58 MPa to 8.57 &0.43 MPa [23]. This is due to
IMCs growth during 150 °C aging for 100 h inducing thermal
stress at IMCs layer/interdiffusion zone interface and creating
the adhesion strength decreased. In addition, microvoids caused
the stress concentration also reduces the adhesion strength
during 150°C aging for 100h. [23] Moreover, the results of
Fig. 6 also shown the interfacial adhesion strengths of the
Sn-9Zn-1.5Ag/Cu and Sn-9Zn-1.5Ag-2Bi/Cu after the elec-
trochemical testin a 3.5 wt% NaCl solution are 4.78 4= 0.45 MPa
and 8.14 + 0.38 MPa. The reductions in adhesion strength are

Fig. 7. Fracture micrograph of Sn-9Zn-1.5Ag-2Bi/Cu interface after electro-
chemical polarization.

42% and 35 % for the Sn—9Zn-1.5Ag and Sn—-9Zn-1.5Ag-2Bi
solder alloys, respectively. This is due to the pits and corro-
sion products formation reduced the adhesion strength on the
solder alloy/Cu interface during corrosion process in a 3.5 wt%
NaCl solution. According to micrographs shown in Fig. 5(b)
and (d), the pit size at the Sn—9Zn—1.5Ag-2Bi/Cu interface is
smaller than at the Sn—9Zn—1.5Ag/Cu interface, agreeing with
the result of Fig. 6. Moreover, the results of Figs. 2, 5 and 6
are shown that the Sn—9Zn-1.5Ag-2Bi solder alloy has a higher
electrochemical resistance than the Sn—9Zn—1.5Ag alloy.

The micrograph shown in Fig. 7 is the fracture morphology of
the Cu substrate dipped in the Sn—9Zn—1.5Ag-2Bi solder alloy
at 250°C for 10s electrochemically tested in a 3.5 wt% NaCl
solution. The fracture paths are along the solder alloy/ZnO and
solder alloy/CugSns interfaces. Yu et al. [24] have demonstrated
that the fracture path of the Sn—Zn—Al solder alloy is along the
CusZng/solder interface. Furthermore, the fracture path is along
the CueSns/CusZng interface for the Cu substrate dipped in the
Sn-9Zn-1.5Ag solder alloy at 250 °C for 10s as reported by
Chang et al. [25]. The fracture paths observed in the present
study is not similar to those of Yu et al. [24] and Chang et al.
[25], due to ZnO are found at the Sn—9Zn—1.5Ag-2Bi/Cu inter-
face and caused the different fracture path after electrochemical
polarization.

The failure located close to the interface may result from the
stress concentration at/or adjacent to the interface of the solder
alloy/IMC interface, which is caused by the plastic inhomogene-
ity between the substrate and the solder alloy [26]. Two possible
reasons are (i) stress concentration and (ii) Sn-depleted zone
during the soldering process. In the present study, the solder-
ing temperature and time are 250 °C and 10 s, respectively. This
soldering condition cannot create the Sn-depleted zone due to
insufficient Sn diffusion. Yu et al. [14] have demonstrated that
the decrease in adhesion strength for the Zn—Al/Cu interface
is due to the different coefficients of thermal expansion which
cause the thermal stress at the interface between the Al, Zn-
rich and Sn-rich phases. In the present study, except the thermal
stress formed at the solder/IMC interface, the pits formed in the
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solder alloy also create the stress concentration which lowers
the strength of the matrix because of plastic inhomogeneity.

4. Conclusions

The microstructure and adhesion strength of the
Sn-9Zn-1.5Ag—xBi/Cu interface after electrochemical polar-
ization in a 3.5 wt% NaCl solution have been studied by XRD,
SEM and pull-off testing. The Sn—9Zn-1.5Ag-2Bi/Cu of equi-
librium potential is —1.31 Ve rather than that of —1.22 V.
for Sn—9Zn-1.5Ag/Cu. CusZng, CueSns and AgzSn IMCs are
formed at the as soldered Sn—-9Zn—-1.5Ag—xBi/Cu interface.
After electrochemical polarization in a 3.5 wt% NaCl solution,
the corrosion products of SnCl,, ZnCl, and ZnO are formed on
the surface of both solder alloys with the pits formed on the
surface of both solder alloys. Due to the greater pit size caused
much more stress concentration on the Sn—9Zn—1.5Ag/Cu than
the Sn—9Zn-1.5Ag-2Bi/Cu, the interfacial adhesion strength is
8.14 £ 0.38 MPa for the Sn—9Zn—1.5Ag-2Bi/Cu rather than that
of 4.78 £ 0.45 MPa for Sn—9Zn-1.5Ag/Cu after electrochemical
polarization. The fracture paths of the Sn—9Zn-1.5Ag-2Bi/Cu
are along the interface of the solder alloy/ZnO and solder
alloy/CugSns after electrochemical polarization in a 3.5 wt%
NaCl solution. In summary, Sn—9Zn-1.5Ag-2Bi solder alloy is
with a better electrochemical resistance and can be considered
as one of candidates to substitute Sn—37Pb solder alloy.
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