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a  b  s  t  r  a  c  t

The  effects  of  adding  small  amounts  of  Zn  and  conducting  an  aging  treatment  at elevated  temperatures  on
the microstructure  and  tensile  properties  of  low-Ag  Sn–Ag–Cu  alloys  were  investigated.  The  addition  of
Zn  to  Sn–Ag–Cu  alloys  inhibited  the growth  of  intermetallic  compounds.  As the  amount  of  Zn  increased,
the  flow  stress  increased  both  before  and  after  the aging  treatment.  In  particular,  the  Sn–1Ag–0.3Cu–1Zn
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alloy  exhibited  the  highest  flow  stress  among  all the  examined  alloys.  Although  the  flow  stress  of  the
Sn–3Ag–0.5Cu  alloy  was  originally  higher  than  that of the Sn–1Ag–0.1Cu–0.4Zn  and  Sn–1Ag–0.3Cu–0.7Zn
alloys,  the  flow  stress  of  these  two alloys  was  higher  after  aging  for 500  h  at  398  K  than  that  of  the
Sn–3Ag–0.5Cu  alloy.  The  addition  of  small  amounts  of Zn  in Sn–Ag–Cu  alloys  suppressed  the decline  in
the  flow  stress  after  the  aging  treatment.
-ray diffraction

. Introduction

Eutectic Sn–37Pb solder has been the most widely used material
or interconnecting and packaging electronic components. How-
ver, Pb and Pb-containing compounds are considered toxic. Owing
o environmental concerns and health hazards associated with Pb,
everal studies have focused on Pb-free solders and soldering tech-
iques aiming at replacing Sn–Pb solders with Pb-free alternatives
1–4].

Several Pb-free solder alloys have been developed, including
n–Zn, Sn–Ag, Sn–Cu, Sn–Bi, and Sn–Ag–Cu alloys. The near-ternary
utectic Sn–Ag–Cu alloys are regarded as one of the most attractive
mong them because of their excellent wettability and mechanical
roperties [5–7]. Near-ternary eutectic Sn–Ag–Cu alloys such as
n–3Ag–0.5Cu or Sn–3.8Ag–0.7Cu are the most well-known Pb-free
olders worldwide [7,8]. The wettability properties and interfacial
eactions in the near-eutectic Sn–Ag–Cu alloys during soldering
ave been studied recently [9–15]. However, these alloys contain
pproximately 3 wt.% of Ag (an expensive metal), which makes
hem more expensive than other Pb-free solders. Sn–Ag–Cu alloys
ith lower Ag content, referred to as low-Ag Pb-free solders, such as
n–1Ag–0.5Cu and Sn–0.3Ag–0.7Cu, have been developed recently
n order to reduce the material cost [16,17]. However, the decrease
n the Ag content reduces the mechanical strength (e.g., ultimate
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strength, creep resistance, flow stress) [16,18–20].  Consequently,
recent research has focused on finding a fourth element to boost
the mechanical strength of low-Ag Sn–Ag–Cu solders [21,22].

In a previous study, we investigated Sn–Zn alloys and showed
that the addition of small amounts of Zn, up to ∼0.4 wt.%, can
significantly improve the creep resistance owing to solid solution
strengthening [23]. Small amounts of Zn are expected to improve
the mechanical strength of low-Ag Sn–Ag–Cu alloys. The addi-
tion of small amounts of Zn to near-ternary eutectic Sn–Ag–Cu
solders is also reported to limit the formation of large Ag3Sn inter-
metallic compounds and improve the mechanical strength of solder
alloys [24–26]. Moreover, the addition of small amounts of Zn to
Sn–Ag–Cu solders has received considerable attention because it
can slow the growth of intermetallic compounds and inhibit the
formation of Kirkendall voids and the growth of whiskers on the
surface [27–36].  Song et al. reported very recently that the mechan-
ical strength of Sn–1Ag–0.5Cu was increased by the addition of up
to 1 wt.% of Zn [21]. However, no studies have yet investigated the
thermal stability of low-Ag Sn–Ag–Cu–Zn alloys in terms of their
mechanical strength.

Solder alloys are used to form joints between electronic com-
ponents and printed circuit boards. The strength of solder joints is
affected by the thermal stability of the solder alloys. Solder joints
must exhibit long-term reliability under extreme conditions, par-
ticularly at high temperatures. Because the mechanical strength

of Pb-free solders is critical to their reliability, it is important to
understand the effect of high-temperature aging on the mechanical
strength of Pb-free solder alloys. It is well known that the mechan-
ical strength of Sn–Ag–Cu solder joints is reduced after aging at
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Table  1
Chemical compositions of Sn–Ag–Cu–Zn and Sn–Ag–Cu alloys (wt.%).

Sn Ag Cu Zn Sb Bi Pb Fe In

Sn–3Ag–0.5Cu Balance 3.01 0.462 0.0003 0.001 0.001 0.002 0.004 0.001
Sn–1Ag–0.7Cu Balance 1.01 0.705 0.0004 0.001 0.002 0.002 0.002 0.001
Sn–1Ag–0.1Cu–0.4Zn Balance 1.03 0.110 0.41 0.001 0.003 0.002 0.001 0.001
Sn–1Ag–0.3Cu–0.7Zn Balance 1.02 0.303 0.71 0.001 0.002 0.002 0.001 0.001
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Sn–1Ag–0.3Cu–1Zn Balance 1.03 0.305 0

levated temperatures (e.g., 398 K) [37]. This observation is related
o the microstructural evolution of the solder joints. The forma-
ion and growth of intermetallic compounds in solder alloys greatly
ffect the mechanical strength of the solder joints [8,38].

The objective of this study is to investigate the effect of adding
mall amounts of Zn on the flow stress of low-Ag Sn–Ag–Cu alloys
fter aging at elevated temperature. In addition, we try to explain
he reasons for the change in flow stress and the thermal stability
n terms of the mechanical strength of Sn–Ag–Cu–Zn alloys.

. Experimental procedures

Sn–3Ag–0.5Cu, Sn–1Ag–0.7Cu, Sn–1Ag–0.1Cu–0.4Zn, Sn–1Ag–0.3Cu–0.7Zn,
nd Sn–1Ag–0.3Cu–1Zn alloys were used in this study. For the preparation of these
lloys, high-purity Sn (99.98%, Yunnan Chengfeng Non-ferrous Metals Co., Ltd.,
hina), Ag (99.99%, Korea Zinc Co., Ltd., Korea), Cu (99.99%, Mitsuwa Chemicals Co.,
td.,  Japan), and Zn (99.9%, Mitsuwa Chemicals Co., Ltd., Japan) were used as starting
aterials. The chemical compositions of the prepared alloys are listed in Table 1. The

lloys were initially produced by the ingot casting technique at a casting tempera-
ure of 603 K. The molten alloys were cast into an iron mold having an inner diameter
nd length of 30 and 140 mm,  respectively. To dissolve Zn into the Sn matrix, the
ngots were heat-treated at 423 K for 24 h in air and then quenched in water. Subse-
uently, the ingots were extruded into cylindrical bars 12 mm in diameter at 373 K.
he cylindrical bars were machined as tensile test specimens with a gage length
f  12 mm and diameter of 4 mm.  Tensile tests were conducted using the constant
train rate method and performed twice in each condition (as-extruded or aged).
he aged samples were heat-treated at 398 K for 250, 500, and 1000 h in air before
esting. The as-extruded specimens were tested at a strain rate of 1 × 10−3 s−1 at 298
nd 398 K. The aged samples were tested at a strain rate of 1 × 10−3 s−1 at 398 K.

Scanning electron microscopy (SEM, Shimadzu, SSX-550) was used to exam-
ne the changes in the microstructure of the as-extruded and aged samples. X-ray
iffraction (XRD) analysis (Rigaku, Ultima IV) using CuK� radiation was conducted
o identify the intermetallic compounds.

. Results

.1. Microstructures

Fig. 1(a), (c), (e), (g), and (i) shows SEM photographs of the
icrostructures of Sn–Ag–Cu and Sn–Ag–Cu–Zn alloys before the

ging treatment. Fig. 1(b), (d), (f), (h), and (j) shows the SEM pho-
ographs of microstructures of these alloys after they are aged for
00 h at 398 K. The intermetallic compounds appear bright in these
icrographs; in contrast, the �-Sn phases are darker. The area of

he intermetallic compound particles was measured by image pro-
essing. The average aspect ratios (ratio of major axis to minor axis
or a given particle) ranged from 1.7 to 2.3 in the Sn–Ag–Cu and
n–Ag–Cu–Zn alloys. Although the particles were not completely
pherical, the particle diameter was estimated assuming that they
ere spherical. Fig. 2 shows the distribution of the particle diame-

ers and the average particle diameter of the alloys. After aging, the
ntermetallic compound particles in all the alloys coarsened; more-
ver, the average particle diameters ranged from 0.92 to 1.05 �m in
he Sn–Ag–Cu–Zn alloys and from 1.40 to 1.49 �m in the Sn–Ag–Cu
lloys. The addition of Zn to Sn–Ag–Cu alloys inhibits the growth
f intermetallic compounds.
Fig. 3 shows the XRD patterns of the alloys before the aging treat-
ent. The XRD patterns of the Sn–3Ag–0.5Cu and Sn–1Ag–0.7Cu

lloys indicate the presence of Ag3Sn and Cu6Sn5 compounds.
n the Sn–Ag–Cu system, Ag and Cu dissolve with difficulty in
0.002 0.002 0.001 0.001 0.001

the Sn matrix to form intermetallic compounds of Ag3Sn and
Cu6Sn5 [39,40]. The maximum solubility limits of Ag and Cu
in Sn–Ag and Sn–Cu are 0.04 wt.% and 0.0063 wt.%, respectively
[41]. Only the peaks associated with Ag3Sn were observed in the
Sn–1Ag–0.1Cu–0.4Zn and Sn–1Ag–0.3Cu–0.7Zn alloys. We  identi-
fied intermetallic compounds Ag3Sn and Cu5Zn8 in the XRD pattern
of the Sn–1Ag–0.3Cu–1Zn alloy. Previous work has also shown the
formation of Ag3Sn and Cu5Zn8 compounds in Sn–1Ag–0.5Cu–1Zn
[21].

3.2. Flow stress

Fig. 4 shows the flow stress at 298 and 398 K before the aging
treatment. The flow stress was determined at a fixed true strain
of 0.1 for each sample tested at the given temperature and strain
rate. Fig. 4 also includes the value for Sn–0.4Zn, which was studied
in our previous paper [23]. Fig. 4 indicates that the flow stress of
Sn–Ag–Cu–Zn alloys increases with increasing Zn content at 298
and 398 K. The addition of Zn clearly enhances the flow stress of
low-Ag Sn–Ag–Cu alloys. In particular, the Sn–1Ag–0.3Cu–1Zn alloy
exhibited the highest flow stress among all the examined alloys at
298 and 398 K.

The flow stress variation at 398 K as a function of the aging
time in Sn–Ag–Cu and Sn–Ag–Cu–Zn alloys is shown in Fig. 5.
In the Sn–3Ag–0.5Cu and Sn–1Ag–0.7Cu alloys, the flow stress
decreased significantly with increasing aging time. Although the
flow stress of the Sn–3Ag–0.5Cu alloy is higher than those of
the Sn–1Ag–0.1Cu–0.4Zn and Sn–1Ag–0.3Cu–0.7Zn alloys, the flow
stress of the Sn–3Ag–0.5Cu alloy declines more rapidly with aging
treatment than that of the Sn–Ag–Cu–Zn alloys. The flow stress of
the Sn–3Ag–0.5Cu alloy is lower after aging for 500 h than those
of the Sn–1Ag–0.1Cu–0.4Zn and Sn–1Ag–0.3Cu–0.7Zn alloys. Fig. 5
also includes the value for Sn–1Ag–0.7Cu–0.7Zn, which was  pre-
sented in our patent [42]. A comparison of Sn–1Ag–0.7Cu with
Sn–1Ag–0.7Cu–0.7Zn reveals that the addition of Zn also sup-
presses the decline in the flow stress when the Ag and Cu content
is the same. The addition of a small amount of Zn obviously sup-
presses the decline in the flow stress of Sn–Ag–Cu alloys after aging
treatment. Fig. 6 shows the variation in the total elongation at 398 K
as a function of the aging time for Sn–Ag–Cu and Sn–Ag–Cu–Zn
alloys. The effect of the aging treatment on the total elongation
was insignificant.

4. Discussion

The results of this study show that the addition of small amounts
of Zn to Sn–Ag–Cu increases the flow stress. Ag3Sn and Cu6Sn5 par-
ticles in Sn–Ag–Cu alloys are known to contribute to dispersion
hardening [43–45].  In Sn–Ag–Cu–Zn alloys, previous work showed
that with the addition of Zn, the Cu6Sn5 phases were replaced by

Cu5Zn8 phases; this work also showed that the Cu5Zn8 particles
contribute to dispersion hardening [21]. In this study, we also con-
firmed the presence of Cu5Zn8 peaks in the XRD patterns of the
Sn–1Ag–0.3Cu–1Zn alloys.
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Before the aging treatment, the flow stress of the
Sn–1Ag–0.3Cu–1Zn alloy was highest among those of all the
Sn–Ag–Cu and Sn–Ag–Cu–Zn alloys, whereas its Orowan stress
was smaller than that of the Sn–Ag–Cu alloys. The solubility

Table 2
Orowan stresses before and after aging for 500 h at 398 K.

�0 h
OR

�500 h
OR

�500 h
OR

− �0 h
OR

Sn–3Ag–0.5Cu 3.8 1.4 −2.4
ig. 1. SEM micrographs: (a), (c), (e), (g), and (i) show the microstructure
n–1Ag–0.3Cu–1Zn, respectively, before aging; (b), (d), (f), (h), and (j) show the mic

Dispersion hardening is commonly attributed to the Orowan
ooping mechanism. The Orowan stress �OR can be estimated using
he following equation [46]:

OR =
(

3
2�

)
�b

r
f 1/2

here � is the shear modulus (18.0 GPa [23]), b is Burger’s vector
0.317 nm [47]), r is the average particle radius, and f is the volume
raction of intermetallic compounds. The average particle diameter
s shown in Fig. 2. The Sn–Ag and Sn–Cu phase diagrams show neg-
igible solid solubility of Ag and Cu in Sn [41]. Therefore, the volume
raction of intermetallic compounds was estimated assuming that

ll of the Ag and Cu form Ag3Sn and Cu6Sn5 in Sn–Ag–Cu alloys. For
n–Ag–Cu–Zn alloys, the volume fraction was estimated assum-
ng that Cu preferentially forms Cu5Zn8 instead of Cu6Sn5. After
n is preferentially consumed to form Cu5Zn8, the residual Zn is
n–3Ag–0.5Cu, Sn–1Ag–0.7Cu, Sn–1Ag–0.1Cu–0.4Zn, Sn–1Ag–0.3Cu–0.7Zn, and
cture after aging at 398 K for 500 h.

assumed to be in solution in the Sn matrix. On the basis of these
assumptions, the Orowan stress before and after aging for 500 h at
398 K was  determined (Table 2).
Sn–1Ag–0.7Cu 2.0 1.0 −1.0
Sn–1Ag–0.1Cu–0.4Zn 1.3 1.1 −0.2
Sn–1Ag–0.3Cu–0.7Zn 1.7 1.3 −0.4
Sn–1Ag–0.3Cu–1Zn 1.7 1.5 −0.2
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n–1Ag–0.1Cu–0.4Zn, Sn–1Ag–0.3Cu–0.7Zn, and Sn–1Ag–0.3Cu–1Zn, respectively. 

f Zn in Sn is very small, with a maximum solubility limit of
.34 wt.% [48]. After Zn is preferentially consumed to form Cu5Zn8

n Sn–Ag–Cu–Zn alloys, part of the excess Zn remains in solution
n the Sn matrix. In a previous work, we showed that the flow

tress of Sn–Zn alloys was significantly improved by adding up
o ∼0.4 wt.% of Zn; the improvement was attributed to solid
olution strengthening [23]. The flow stress of Sn–0.4Zn is also
hown in Fig. 4. This flow stress, which was strengthened by solid
tributions before and after aging for 500 h at 398 K of Sn–3Ag–0.5Cu, Sn–1Ag–0.7Cu,
erage diameter of the intermetallic compounds, d, is also shown in the legend box.

solution hardening, is superior to that of Sn–1Ag–0.7Cu, which was
strengthened by dispersion hardening. These results suggest that
in addition to dispersion hardening, solid solution strengthening
due to Zn contributes to the strengthening of Sn–Ag–Cu–Zn alloys.
The addition of small amounts of Zn to Sn–Ag–Cu suppressed
the decline in the flow stress after the aging treatment. Here
we describe how the Orowan looping mechanism explains dis-
persion hardening. The dispersed particles obstruct the motion
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Fig. 3. X-ray diffraction patterns of Sn–Ag–Cu and Sn–Ag–Cu–Zn alloys before aging.

Fig. 4. Flow stress of Sn–Ag–Cu and Sn–Ag–Cu–Zn alloys at 298 K and 398 K before
aging.

Fig. 5. Variation in flow stress as a function of aging time for the Sn–Ag–Cu and
Sn–Ag–Cu–Zn alloys. Tensile tests were conducted at a temperature of 398 K and a
strain rate of 1 × 10−3 s−1.
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ig. 6. Variation in total elongation as a function of aging time for Sn–Ag–Cu and
n–Ag–Cu–Zn alloys. Tensile tests were conducted at a temperature of 398 K and a
train rate of 1 × 10−3 s−1.

f dislocations. The dislocations bow out between the particles
nd subsequently bypass the particles, leaving a dislocation loop
Orowan loop) surrounding each particle. The bypassing stress is
eferred to as the Orowan stress. The Orowan stress before and
fter the aging treatment is also presented in Table 2. The addi-
ion of Zn to Sn–Ag–Cu inhibited the decrease in the Orowan stress
fter aging. Hence, the improvement in the thermal stability in
erms of the flow stress with the addition of small amounts of Zn
an be explained by the inhibition of the decrease in the Orowan
tress. In dispersion hardening, finer particles obstruct the motion
f dislocations more efficiently [46,49].  The coarsening of the inter-
etallic compound particles causes the decline in the flow stress

fter the aging treatment in Sn–3Ag–0.5Cu and Sn–1Ag–0.7Cu. For
he Sn–Ag–Cu–Zn alloys, the Orowan stresses did not decrease

uch. The reason is probably that the addition of Zn to Sn–Ag–Cu
lloys inhibited the growth of intermetallic compounds, as shown
n Fig. 2.

The addition of small amounts of Zn to Sn–Ag–Cu increases
he flow stress and improves the thermal stability in terms of the

echanical strength because of dispersion hardening and solid
olution strengthening. Recently, many researchers have focused
n finding a fourth element that will boost the mechanical strength
f low-Ag Sn–Ag–Cu solders [21,22].  This study demonstrated that
n is that element, despite the resulting poor wettability aris-
ng from its oxidation sensitivity, which is well known in Zn-rich
olders such as Sn–9Zn [50,51].  However, the authors remain opti-
istic because the required amount of additional Zn in low-Ag

n–Ag–Cu solders is very small; adding up to 1 wt.% of Zn is suffi-
ient to improve the mechanical strength. In the future, the authors
ill present their findings on a low-Ag Sn–Ag–Cu–Zn solder for

lectronic component applications that demand highly reliable
lectrical interconnections.

. Conclusions
In this study, we showed that the addition of small amounts of
n to Sn–Ag–Cu increases the flow stress. The Sn–1Ag–0.3Cu–1Zn
lloy exhibited higher flow stress than the Sn–3Ag–0.5Cu alloy. Dis-
ersion hardening resulting from the presence of Ag3Sn and Cu5Zn8

[
[
[
[

ompounds 527 (2012) 226– 232 231

intermetallic compounds and solid solution strengthening due
to solute Zn are the strengthening mechanisms in Sn–Ag–Cu–Zn
alloys. Moreover, the addition of small amounts of Zn to Sn–Ag–Cu
suppressed the decline in the flow stress after the aging treat-
ment. After aging for 500 h at 398 K, the flow stresses of all
Sn–Ag–Cu–Zn alloys (Sn–1Ag–0.1Cu–0.4Zn, Sn–1Ag–0.3Cu–0.7Zn,
and Sn–1Ag–0.3Cu–1Zn) were higher than that of Sn–3Ag–0.5Cu.
Because the addition of Zn to Sn–Ag–Cu alloys inhibited the growth
of intermetallic compounds, the improvement in the thermal sta-
bility in terms of the flow stress after the addition of Zn can be
explained by the inhibition of the decrease in the Orowan stress.

This study demonstrated that Zn is the sought-after fourth ele-
ment that will boost the mechanical strength of low-Ag Sn–Ag–Cu
solders. In the future, the authors will present their findings on a
low-Ag Sn–Ag–Cu–Zn solder for electronic component applications
that demand highly reliable electrical interconnections.
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