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Sn-3.7wt.%Ag-0.9wt.%Zn alloy was directionally solidified upward under different conditions, with
different growth rates (V = 3.38 - 220.12 pym/s) at a constant temperature gradient (G = 4.33 K/mm) and
with different temperature gradients (G = 4.33 -12.41 K/mm) at a constant growth rate (V = 11.52 pm/s)
by using a Bridgman-type directional solidification furnace. The microstructure was observed to be a
rod Ag;Sn structure in the matrix of B-Sn from the directionally solidified Sn-3.7wt.%Ag-0.9wt.%Zn
samples. The microhardness, tensile strength and electrical resistivity of alloy were measured from
directionally solidified samples. The dependency of the microhardness, tensile strength and electrical
resistivity on the solidification parameters for directionally solidified Sn-Ag-Zn eutectic alloy was
investigated and the relationships between them were experimentally obtained by using regression
analysis. The results obtained in the present work were compared with the previous similar

experimental results.
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INTRODUCTION

Solidification and melting are transformations between
the crystallographic and non-crystallographic states of a
metal or alloy. These transformations are basic to such
technological applications as ingot and continuous
casting, and directionally solidification of composites and
single crystals. An understanding of the mechanism of
solidification and how it is affected by such parameters as
temperature distribution, solidification condition and
alloying, are important in the control of the mechanical
and electrical properties of cast metals and fusion welds
(Porter and Easterling, 1992). Most Sn-based lead-free
solders contain only minor amounts of alloying additions.
For example, in the widely studied Sn—Ag—Cu (SAC)

alloy, more than 95% of the solder is Sn, as measured by
weight (Anderson et al., 2001).

However, in these solders, the thick Cu6Sn5 IMC
(intermetallic compound) layer and large Ag3Sn primary
phase are often reported to influence the integrity and
reliability of solder joints (Kang and Sarkhel, 1994; Jeong
et al., 2004; Jo et al., 2008; Kang et al., 2003). Reducing
Ag and Cu content, as well as adding minor alloying
elements such as Zn, In, Bi, Co, Ni in Sn-based solder,
was recently proposed in order to improve the reliability
of the Pb-free solder joint (Choi et al., 2001; Seo et al.,
2006, 2007; Kim et al., 2009; Cho et al., 2007; Kang et
al., 2008). Although, Sn—Ag solder has great properties of
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strength, resistance to creep and thermal fatigue (Abtew
and Selvaduray, 2000; Wu et al., 2004; Zeng and Tu,
2002) the small addition of Zn can improve the
mechanical performance at no cost to ductility and
wettability. In addition, the combination of Zn and Ag
dramatically reduces corrosion potential (Knott et al.,
2005).

Previous works for the Sn—Ag—Zn lead-free solder had
been done mainly focused on the formation of the
interfacial structure, the phase equilibria and the
mechanical properties (Xu et al., 2010; Wang et al., 2009;
Wei et al., 2009; Liu et al., 2008). For a system with such
promising applications, however, studies considering the
directional solidification of Sn-Ag-Zn alloys are rather
scarce. Until now, few numbers of researches have been
carried out on the characterization, physical and
mechanical properties. The aim of the present work was
to investigate the mechanical, electrical and thermal
properties Sn-3.7wt.%Ag-0.9wt.%Zn alloy. For this
purpose, the dependency of microhardness (HV), tensile
strength (o) and electrical resistivity (p) on the
solidification processing parameters (G and V) for
directionally solidified Sn-3.7wt.%Ag-0.9wt.%Zn alloy was
investigated.

EXPERIMENTAL PROCEDURE

In the present work, the experimental procedure consists of alloy
preparation, the measurements of the microhardness, tensile
strength and electrical resistivity of the directionally solidified Sn-
3.7wt.%Ag-0.9wt.%Zn alloy.

Alloy preparation

Using a vacuum melting furnace and a hot filling furnace, Sn-
3.7wt.%Ag-0.9wt.%Zn eutectic alloy was prepared under vacuum
atmosphere by melting tin, silver and zinc of high purity (>99.9 %).
After allowing time for the melt homogenization, the molten alloy
was poured into 13 cylindrical graphite crucibles (200 mm in length,
4 mm inner diameter and 6.35 mm outer diameter) held in a
specially constructed casting furnace (hot filling furnace) at
approximately 50 K above the melting point of the alloy. The molten
alloy was directionally solidified from bottom to top to ensure that
the crucible was completely full.

Solidification of Sn-Ag-Zn eutectic alloy was carried out with
different growth rates (V = 3.38 - 220.12 pm/s) at a constant
temperature gradient (G = 4.33 K/mm) and with different
temperature gradients (G = 4.33 - 12.41 K/mm) at a constant
growth rate (V = 11.52 um/s) in the Bridgman-type growth
apparatus. The temperature of water in the reservoir was kept at
283 K to an accuracy of = 0.01 K using a Poly Science digital 9102
model heating / refrigerating circulating bath to get a well quenched
solid—liquid interface. The temperature of the sample was also
controlled to an accuracy of + 0.1 K degrees with a Eurotherm 2604
type controller. The details of the apparatus and experimental
procedures are given in Refs (Gindlz et al., 2004; Boyik et al.,
2009). The quenched samples were removed from the graphite
crucible and cut into lengths of typically 3 mm. After the
metallographic process, the microstructures of the samples were
revealed. Typical images of growth morphologies of directionally
solidified Sn-Ag-Zn eutectic alloy are shown in Figure 1. While the
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cooling rate is so slow (about 0.16 K/s) that it could be considered
as an equilibrium solidification process, which corresponds to an
eutectic reaction: L— AgZn +AgsSn + Sn (Wei et al., 2008). It
follows that B-Sn, AgZn and AgsSn phases will separate out in the
slowly cooled solder and eutectic microstructure consist of a
mixture of {-AgZn and AgsSn intermetallic compounds in a matrix of
B-Sn (Wei et al., 2008). But, in this work were observed only rod
AgsSn IMC in a matrix of -Sn as shown in Figure 1, because the
cooling rate range is fairly above 0.16 K/s.

The measurement of microhardness

One of the purposes of this investigation was to learn the
relationships between the solidification processing parameters and
microhardness for the directionally solidified Sn—Ag-Zn eutectic
alloy. The mechanical properties of solidified materials are generally
determined by a hardness test, tensile strength test, etc. The
Vickers hardness (HV) is the ratio of a load applied to the indenter
to the surface area of the indentation. This is given by:

HV = 2P sm(29/2) ()
d

where HV is the Vickers microhardness in kg/mm?, P is the applied
load (kg), d is the mean diagonal of the indentation (mm) and 6 is
the angle between opposite faces of the diagonal indenter (136°).
Microhardness measurements in this study were made with a
Future-Tech FM-700 model hardness measuring test device using
500 g load and a dwell time of 10 s giving a typical indentation
depth of about 40-60 um. The average microhardness is achieved
by measuring at least 30 different points on the transverse sections.
Variations of microhardness with growth rates and temperature
gradients for the Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy is plotted
in Figures 2 and 3, respectively, and compared with the previous
experimental results for Sn-3.5wt.%Ag-0.9wt.%Cu (Boylk and
Marasli, 2009; Cadirli and $ahin, 2012) and Sn-3.5wt.%Ag (Cadirli
and Sahin, 2012; Béylk and Marasli, 2010) eutectic alloys.

Measurement of tensile strength

The uniaxial tensile test was performed at room temperature at a
strain rate of 10 s™ with a Shimadzu Universal Testing Instrument
(Type AG—10KNG) which was designed for testing the stress—strain
responses of solders. In order to avoid damaging the sample
surface, two seals were stuck to the sample instead of the
traditional clip gauge. Strains were then measured by observing the
displacement between the two seals using a video camera. A
computer with a data acquisition software was used to collect the
data. The data collected from the tensile test can be analyzed to
determine the strength (o) using the following formula,

Ll
A

c= 2

where o is the strength in N/'mm? (or MPa), F is the applied force
(N) and A is the original cross sectional area (mm?) of the sample.
The round rod tensile samples with a diameter of 4 mm and a
gauge length of 20 mm were prepared from directionally solidified
rod samples with different solidification parameters. The tensile axis
was chosen parallel to the growth direction of the sample and the
tests were repeated three times. Variations of tensile strength with
growth rate and temperature gradient for the Sn-3.7wt.%Ag-
0.9wt.%Zn eutectic alloy is plotted in Figures 4 and 5, respectively,
and compared with binary Sn-3.5wt.%Ag (Gadirli and Sahin, 2012)
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Figure 1. Typical optical images of the growth morphologies of directionally
solidified Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy, (a) longitudinal section (b)
transverse section (V=3.38 um/s, G=4.33 K/mm), (c) longitudinal section (d)
transverse section, (V=11.52 pm/s, G=12.41 K/mm) (e) longitudinal section (f)
transverse section (V=220.12 um/s, G=4.33 K/mm).

eutectic alloys. It can be seen from Figures 4 and 5, the values of
tensile strength for the Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy
increase with increasing the values of V and G.

The measurement of electrical resistivity

Electrical resistivity is an imperative physical property. Impurities
observed in metals distort the metal lattice and can affect the
behavior of p to a considerable extent. This is particularly true for
metal alloys. The value of the electrical resistivity is also affected by
grain size (e.g., higher p corresponds to finer grain), plastic
deformation, heat treatment, and some other factors, but to a
smaller extent compared to the effect of temperature and chemical
composition (Rudnev et al., 2003).

The growth rate, temperature gradient and temperature
dependence of electrical resistivity for Sn-3.7wt.%Ag-0.9wt.%Zn
alloys were measured by the four-point probe method. A Keithley
2400 source meter was used to provide constant current, and the
potential drop was measured by a Keithley 2700 multimeter through
an interface card, which was controlled by a computer. Platinum
wires with a diameter of 0.5 mm were used as current and potential
probes. The voltage drop was detected, and the electrical resistivity
and conductivity were determined using a standard conversion
method.

The electrical resistivities of the directionally solidified Sn-
3.7wt.%Ag-0.9wt.%Zn eutectic alloys were measured by the d.c.
four-point probe method at room temperature. Variations of

electrical resistivity with growth rate, temperature gradient and
temperature for the Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy is
plotted in Figures 6 and 7, respectively. It can be seen from Figures
6 to 7, the values of electrical resistivity for the Sn—Ag—Zn eutectic
alloy increase with increasing the values of V and G.

RESULTS AND DISCUSSION

The effect of solidification

microhardness

parameters on

It can be also seen from Figures 2 and 3 that an increase
in solidification parameters leads to an increase in the
HV. The dependence of the HV on V and G were
determined by linear regression analysis and the
relationship between them can be expressed as;

HV = k,(V)* (3)

HV =k,(G)" (4)

where k is a constant, a and b are the exponent values
relating to the growth rate and temperature gradient
respectively.
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Figure 2. Variation of microhardness, as a function of growth rate for directionally solidified Sn-
3.7wt.%Ag-0.9wt.%Zn eutectic alloy at a constant temperature gradient and compare with the Sn-

3.5wt.%Ag-0.9wt.%Cu and Sn-3.5wt.%Ag eutectic alloys.
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Figure 3. Variation of microhardness, as a function of temperature gradient for directionally
solidified Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy at a constant growth rate and compare with the

Sn-3.5wt.%Ag-0.9wt.%Cu and Sn-3.5wt.%Ag eutectic alloys.
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Figure 4. Variation of tensile strength, as a function of growth rate for directionally solidified Sn-
3.7wt.%Ag-0.9wt.%Zn eutectic alloy at a constant temperature gradient and compare with the Sn-
3.5wt.%Ag eutectic alloys.
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Figure 5. Variation of tensile strength, as a function of temperature gradient for directionally solidified

Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy at a constant growth rate and compare with the Sn-
3.5wt.%Ag eutectic alloys.
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Figure 6. Variation of electrical resistivity, as a function of growth rate for directionally
solidified Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy at a constant temperature gradient.
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Figure 7. Variation of electrical resistivity, as a function of temperature gradient for

directionally solidified Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy at a constant growth rate.
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Figure 2 shows the variation of HV as a function of V at a
constant G. The value of HV increases with the
increasing value of V. Using linear regression analysis,
the relationship between the HV and V was determined
as HV =20.65(V)"”, and the exponent value was found

to be 0.09 for Sn-Ag-Zn eutectic alloy. This exponent
value (0.09) agrees with the exponent values of V
(0.07-0.11) obtained by various researchers (Béyik and
Marasli, 2009; Vnuk et al., 1979, 1980; Telli and
Kisakirek, 1988). for different binary and ternary eutectic
alloy systems, under similar solidification conditions.
Using linear regression analysis, the relationship
between HV and G was determined as HV =11.83(G)"",

and the exponent value was found to be 0.12. As can be
seen from Figure 3, the value of microhardness increases
with the increasing the value of the temperature gradient
(G) for a given constant V as well. An exponent value
relating to G (0.12) generally agrees with the exponent
values relating to obtained in previous experimental
works (BOylk and Marasli, 2010).

Figures 2 and 3 show the maximum and minimum
values of HV for Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy
are lower than the maximum and minimum values of HV
obtained by Béyik and Marasli (2009) and Cadirli and
Sahin (2012) for unidirectional solidified Sn-3.5wt.%Ag-
0.9wt.%Cu and Sn-3.5wt.%Ag eutectic alloy,
respectively. While the microhardness of the Sn-
3.5wt.%Ag eutectic alloy decreases with the adding
0.9wt.% of Zn content, conversely increases with the
adding 0.9wt.% of Cu. Besides, the microhardness of the
slowly cooled Sn-Ag-Zn eutectic solder increased from
14.4 to 17 HV and the rapidly solidified one increased
from 15 to 29.1 HV obtained by Wei et al. (2009).

HV values obtained by Wei et al. (2009) for Sn-Ag-Zn
eutectic alloy agree with this experimental works for
slowly cooled (13.4 to 18.15).

The effect of solidification parameters on tensile
strength

Figures 4 and 5 show the variation of the tensile strength
values with growth rate and temperature gradient. The
dependence of o; on the V and G can be represented by
equations as follows;

o, = k;(V)° (5)
G[ = k4 (G)d (6)

where k is a constant, ¢ and d are the exponent values
relating to the growth rate and temperature gradient,
respectively.

From Figure 4, the relationship between 6; and V was
found to be &, =31.62(V)*'*by using linear regression

analysis and also it can be seen that values of the tensile

strength increase with increasing growth rate. It is found
that, while growth rate increasing from 3.37 to 220.12
um/s, the tensile strength increases from 40.75 to 68.00
MPa.

Figure 5 shows the experimental results of tensile
strength as a function of the temperature gradient. It can
be seen that the value of the tensile strength also
increases with increasing temperature gradient. It is
12.41 K/mm, the tensile strength increase from 43.06 to
53.85 MPa. Using linear regression analysis, the
relationship between o, and G was found to be
o, =32.96(G)*".

Figures 4 and 5 show the maximum and minimum
values of o; for Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy
are lower than the maximum and minimum values of o;
obtained by Cadirli and Sahin (2012) for unidirectional
solidified Sn-3.5wt.%Ag alloy. Besides, the tensile
strength of the Sn—3.5%Ag eutectic alloy decreases with
the adding 0.9% of Zn content.

The effect of solidification parameters on electrical
resistivity

Figures 6 and 7 show the variation of the electrical
resistivity values with growth rate and temperature
gradient. The dependence of p on the V and G can be
represented by equations as follows;

p=ks (V) (7)
p :k(,(G)f (8)

where k is a constant, e and f are the exponent values
relating to the growth rate and temperature gradient,
respectively.

From Figures 6 and 7, the relationships between p and
V, p and G were found to be p=5.62x10%V)*” and
p=6.16x10"(G)"*  respectively by using linear
regression analysis and also it can be seen that values of

the electrical resistivity increase with increasing growth
rate and temperature gradient (Figures 6 and 7).

Conclusions

In the present work, the influence solidification
parameters and temperature on the mechanical,
electrical and thermal properties of Sn-3.7wt.%Ag-
0.9wt.%Zn eutectic alloy was investigated. The results
are summarized as follows;

(1) Values of micro hardness increase with increasing the
values of V and G. The establishment of the relationships
among HV, V and G can be given as; nv =20.65v)*® and

HV =11.83(G)"".



(2) The experimental expressions correlating the values
of &; with the values of V and G for directional solidified
Sn-3.7wt.%Ag-0.9wt.%Zn eutectic alloy have shown that
the values of the tensile strength increase with increasing
the values of V and G. The establishment of the
relationships between strength and solidification
parameters can be given as; o =31.62v§* and

o, = 32.96(G)*"” .

(38) The values of electrical resistivity increase with
increasing the values of V and G. The establishment of
the relationships among electrical resistivity and
solidification parameters can be given as;

p=562x10%(V)* and p = 6.16 x10*(G) ** .
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