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a b s t r a c t

The near peritectic Sn–5Sb Pb-free solder alloy has received considerable attention for high temperature
electronic applications, especially on step soldering technology, flip-chip connection. In the present study,
a separate addition of the same amount of Ag and Cu are added with the near-peritectic Sn–5Sb solder
alloy to investigate the effect of a third element addition on the microstructural, thermal and mechanical
properties of the newly developed ternary solder alloys. The results indicate that the melting point of
Sn–5Sb solder is enhanced by Ag and Cu additions. Besides, the Ag and Cu content refine the microstruc-
ture and form new intermetallic compounds (IMCs) with the near-peritectic Sn–5Sb solder alloy. The
1.82.Bg
1.66.Dk

eywords:
ead-free solder
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tensile tests revealed that all alloys exhibit higher mechanical strength with increasing strain rate and/or
decreasing testing temperature, suggesting that the tensile behavior of the three alloys is strain rate
and temperature dependence. The yield and ultimate tensile strength are higher for Sn–5Sb–0.7Cu alloy
compared with Sn–5Sb and Sn–5Sb–0.7Ag alloys. Good mechanical performance of Sn–5Sb–0.7Cu solder
is often correlated to a fine �-Sn grain size and more dispersed Cu-Sn IMC particles, which makes the
solder exhibit high strength and yield stress.
icrostructure
echanical properties

. Introduction

Owing to the realization of the harmful influence of lead and
ead containing alloys on the environment and human health,

any Pb-free solder-alloys have been developed to replace Sn–Pb
olders in electronic applications [1]. The near peritectic Sn–5Sb
b-free solder alloy has received considerable attention for high
emperature electronic applications, especially on step soldering
echnology, flip-chip connection [2–4], solder ball connections and
onding a semiconductor device onto a substrate. It also has pro-
osed as cathode materials for use in lithium ion batteries [5,6].
lthough demand for higher I/O counts on chips requires finer
itches to improve performance, cost effectiveness and higher
ield, such increases in I/O density lower the conventional pitches
o very fine sizes (20 �m). Since one role of the solder alloys is
o serve as a structural material to connect the components, one
f the major concerns in the development of electronic packag-

ng is the reliability of the solder joints [7]. A viable approach to
mprove the performance of a solder joint in terms of low melt-
ng point, higher strength, better microstructure properties, and
igh creep resistance is to add appropriate second phase parti-
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cles, of a ceramic, metallic or intermetallic, to a solder matrix
[1,8,9].

Recently, lead-free Sn–Sb solders have been identified as poten-
tial materials with higher microstructure stability and better
mechanical properties as compared to conventional Sn–Pb sol-
ders [10–12]. The addition of hard obstacles to dislocation motion
can have profound effects on the tensile strength and creep resis-
tance of a metal. Precipitation and dispersion strengthening have
received significant attention in the fields of high-temperature
structural materials due to markedly better creep resistance. El-
Daly et al. [8] studied the influence of Ag and Au additions on
the physical properties of Sn–Sb solder alloy. Mechanical and ther-
mal property measurements indicated significant increase in creep
resistance, rupture time with the alloying of Ag and Au elements.
However, addition of Au can improve the melting temperature and
increase fusion heat of Sn–5Sb alloy. Chen et al. [13] studied the
interfacial reactions in the Sn–Sb/Ag and Sn–Sb/Cu couples and
reported that all the reaction products of IMCs could grow linearly
with the square root of reaction time, which suggest that the inter-
facial reactions are diffusion controlled. For the reliability of Sn–5Sb

Pb-free solder alloy, Alam et al. [9] reported also that additions of
Ag and Au into the Sn–5Sb alloy can enhance the solder properties,
such as the ultimate tensile strength (UTS), ductility, and fusion
heat. This is because the formation of intermetallic compounds
(IMCs) AuSn4 and Ag3Sn can enhance the microstructure stability

dx.doi.org/10.1016/j.jallcom.2011.01.109
http://www.sciencedirect.com/science/journal/09258388
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mailto:dreldaly99@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.01.109


and Compounds 509 (2011) 4574–4582 4575

a
m
t
i
t
s
s
S
w
P
d
t
d
t
e
d
a

2

i
o
f
w
p
h
p
w
j
o
a
l
w
d
s
C
s
c
s
i
m
t
t
t
c
d
a
w
s
c
a
m

3

3

c
S
a
t
i
S
a
p
i
w
t

a

A.A. El-Daly et al. / Journal of Alloys

nd retains the formation of SbSn precipitates in the solidification
icrostructure, thus significantly improves their strength and duc-

ility. For all alloys, it was found that the UTS and yield stress YS
ncrease with increasing strain rate and decrease with increasing
emperature in tensile tests, but changes in ductility are generally
mall with inconsistent trends. However, the result of a literature
earch revealed that little studies have been reported on lead-free
n–5Sb solder joints containing small amount of Ag and Cu. In this
ork, the incorporation of the same amount of Ag and Cu to Sn–5Sb

b-free solder alloy was studied. Microstructural and mechanical
ata of the ternary solder alloys were measured and compared with
he Sn–5Sb solder alloy. The effect of strain rate and temperature
uring mechanical testing has been studied. Correlations between
he evolution of the microstructure and mechanical testing prop-
rties are proposed. The results are wished useful in the further
evelopment of new solder alloys for different electronic packaging
pplications.

. Experimental procedures

In the present work, characterizations of the microstructure and tensile behav-
or were conducted on three lead-free solder alloys with the compositions (wt.%)
f Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu. The lead-free solders were prepared
rom Sn, Sb, Ag and Cu (Purity 99.97%) as raw materials. The process of melting
as carried out in a vacuum arc furnace under a high purity argon atmosphere to
roduce rod-like specimen with a diameter of approximately 10 mm. The melt was
eld at 500 ◦C for 2 h to complete the dissolution of Sn, Sb, Ag and Cu and then
oured in a steel mold to prepare the chill cast ingot. A cooling rate of 6–8 ◦C/s
as achieved, so as to create the fine microstructure typically found in small solder

oints in microelectronic packages. Table 1 lists the actual chemical compositions
f the experimental alloys used in this investigation. A solution of 2% HCl, 3% HNO3

nd 95% (vol.%) ethyl alcohol was prepared and used to etch the samples. The evo-
ution of microstructure with the Ag and Cu contents in the Sn–5Sb solder alloy

as studied using optical and scanning electron microscopy (SEM) with an energy
ispersive X-ray spectrometer (EDS) after etching. Phase identification of the alloy
amples was carried out by X-ray diffractometry (XRD) at 40 kV and 20 mA using
u K� radiation with diffraction angle (2�) from 25◦ to 85◦ and a constant scanning
peed of 1◦/min. Differential scanning calorimetry (DSC) (shimadzu DSC-50) was
arried out to understand the melting process of the three solder alloys. Heating the
pecimens in DSC was carried out at 5 ◦C/min of heating rate in Ar flow. The solder
ngots were then mechanically machined into a wire samples with a gauge length

arked 3 × 10−2 m for each sample and 2.0 mm in diameter. To obtain samples con-
aining a fully precipitated phases, the samples were annealed at 130 ◦C for 15 min,
hen left to cool slowly to room temperature. Tensile tests were carried out with a
ensile testing machine (Instron 3360 Universal Testing Machine). The tests were
onducted at room temperature using strain rates ranging from 10−3 to 10−2 s−1to
etermine the effect of Ag and Cu contents on the mechanical properties of mixed
lloy as well as to determine the effect of strain rate on strength. Also, the tests
ere conducted at different temperatures ranging from 25 to 120 ◦C with a con-

tant strain rate of 1.2 × 10−2 s−1 to obtain data on the stress–strain curves, which
ontain information of elongation at fracture and UTS. Each datum represents an
verage of three measurements. The environment chamber temperature could be
onitored by using a thermocouple contacting with specimen.

. Results and discussion

.1. Microstructure change with addition of Ag and Cu

X-ray diffraction analysis was performed to determine the phase
omposition of the IMCs particles in the three as-cast Sn–5Sb,
n–5Sb–0.7Ag and Sn–5Sb–0.7Cu alloys. As can be seen in Fig. 1,
ll the three as-cast alloys are mainly composed of peaks indexed
o a tetragonal cell of Sn with a = 0.584 and c = 0.319 nm and precip-
tated SbSn phase. The Ag3Sn phase was found in the XRD pattern of
n–5Sb–0.7Ag alloy, indicating the successful alloying of Sn and Ag
fter the melting process. At the same time, the Cu6Sn5 and Cu3Sn
hases were formed, which were due to the alloying of Sn and Cu
n the Sn–5Sb–0.7Cu alloy. Moreover, the relative intensity of �-Sn
as found to be slightly decreased with the addition of Cu, due to

he formation of Cu6Sn5 and Cu3Sn phases.
The microstructural evolution of the Sn–5Sb-based alloys plays

vital role in determining the mechanical properties of these alloys.
Fig. 1. XRD patterns of (a) Sn–5Sb, (b) Sn–5Sb–0.7Ag and (c) Sn–5Sb–0.7Cu solder
alloys.

Fig. 2 illustrates the ability of alloying elements to refine the grain
size of Sn–5Sb, indicating that Cu was significantly stronger than
Ag. In Fig. 2(a), it is generally observed that the Sn–5Sb Pb-free
alloy exhibits typical near-peritetic Sn–5Sb microstructure [14,21]
composed of light gray areas of equiaxed �-Sn grains and dark
network-like eutectic regions of SbSn and Sn phases precipitated at
the grain and grain boundaries. As the sample was a hypoeutectic
composition, the volume ratio of the �-Sn phase was very high and
its grain size was relatively large (40 �m). With the addition of Ag
into the Sn–5Sb Pb-free solder alloy, the morphology of the �-Sn
phase in the Sn–5Sb alloy gradually changes from equiaxed �-Sn
grains to a relatively fine dendritic �-Sn shape with the average
size less than 30 �m (Fig. 2(b)). The resultant solder alloy contains
a segregated phase that appears dark or black in the interdendritic
regions. It has been reported that primary Ag3Sn IMCs might act as
heterogeneous nucleation sites for Sn dendrites upon solidification
[20]. According to the XRD results shown in Fig. 1(b), the ternary

eutectic regions were �-Sn phase, SbSn and Ag3Sn intermetallic
compounds (IMCs). Compared with the equiaxed and fine den-
dritic shapes of �-Sn phase observed in Sn–5Sb and Sn–5Sb–0.7Ag
alloys, respectively, the same content of Cu in the Sn–5Sb solder
was found to alter the microstructure of the newly developed alloy
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Table 1
Actual compositions of the experimental alloys, wt.%.

Experimental alloys Ag Cu Fe Pb Bi Sb As Sn

Sn–5Sb 0.004 0.008 0.006
Sn–5Sb–0.7Ag 0.715 0.009 0.007
Sn–5Sb–0.7Cu 0.046 0.699 0.009

F
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f
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w
w
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ig. 2. OM microstructures of (a) Sn–5Sb, (b) Sn–5Sb–0.7Ag and (c) Sn–5Sb–0.7Cu
older alloys, respectively.

s shown in Fig. 2(c). Results revealed significant improvement in
he refinement of �-Sn grains due to the formation of Cu6Sn5 and
u3Sn phases. The fine equiaxed �-Sn grains were found to be uni-

ormly distributed with the average size less than 15 �m. Most
f the Cu6Sn5 and Cu3Sn IMCs in the Sn–5Sb–0.7Cu solder alloy
ere in the irregular and blocky shape imbedded in �-Sn matrix,
hich will lead to high strength because of precipitate strengthen-

ng mechanism [23].
0.012 0.007 5.016 0.006 Bal.
0.014 0.009 5.013 0.008 Bal.
0.013 0.010 5.011 0.009 Bal.

To further assess the microstructural evolution of the present
alloys, SEM and corresponding EDS analysis of pure Sn–5Sb-based
solder alloy and two ternary alloys are shown in Fig. 3. In Fig. 3(a),
the microstructure of near-peritetic Sn–5Sb alloy comprising the
light gray area of extended �-Sn matrix and some irregular and
heterogeneous shape of SbSn IMC particles. According to the Sn–Sb
equilibrium binary phase diagram [15], although the Sn3Sb2 was
the first form at the beginning of IMC formation, it decomposed into
SbSn solid solution (� phase) and �-Sn solution at 242 ◦C. Similar
results were also observed in Sn–10Sb–5Cu solder alloy obtained
by Zeng et al. [16]. The SbSn phases were identified by XRD results
and confirmed with the EDS analysis presented in Table 2. It is
interesting to note that the atomic ratio of Sn to Sb at position
A is about 1:1, and that of position B is approximately 25:1. This
assessment implies that the dark gray phase at position A was the
SbSn IMC, while the small amount of Sb (2.94%) in region B was dis-
solved in the �-Sn rich phase, which has the ability to increase the
strengthening effect of Sn-rich phase by solid solution hardening
mechanism.

However, the addition of Ag or Cu can refined the �-Sn rich
phase to some extent and developed some new IMCs in the solder
matrix. Fig. 3(b) shows the SEM image of Sn–5Sb–0.7Ag alloy. A
small addition of Ag into the Sn–5Sb alloy produced many small
spheroidal particles with a diameter less than ∼1.0 �m within the
like-eutectic regions and they were determined to be Ag3Sn IMC
phase by compositional analysis (Position C). Besides, the addition
of Ag in the solder based alloy led to slight decrease in the overall
size of the SbSn IMC precipitates (Position D). With the addition of
the same amount of Cu into the Sn–5Sb alloy, the morphology of
the SbSn IMCs and �-Sn rich phase was also reduced. The reason
may be that the Cu addition promotes a high nucleation density
of the second phase in the Sn–5Sb during solidification. EDS anal-
ysis of the needle-like phases revealed that they are composed of
Cu and Sn with the Cu percentage of about 41.51 at.% (Position E).
This observation implies that the needle-like phases are the Cu6Sn5
IMCs, while the Cu3Sn IMC is not detected. Also, the fine particles
dispersed in the �-Sn phase were determined to be SbSn IMC phase
using compositional analysis (Position F).

3.2. Melting temperature (Tm) of solders

Fig. 4 illustrates the DSC curves of the three solder alloys upon
heating. The results are summarized in Table 3. It is found that
additions of small amount of Ag or Cu metals to Sn–5Sb alloy
provided a marked improvement in melting characterization prop-
erties. The Tm of Sn–5Sb at the endothermic peak is 239. 2 ◦C.
The only endothermal peak for Sn–5Sb samples was separated
into two regions of heat extraction that are indicative of melt-
ing temperature for Ag-containing samples (Sn–5Sb–0.7Ag). The
first peak at low temperatures is the eutectic temperature of the
Ag3Sn–Sn binary system [15], and the second peak at high tem-
peratures corresponded to the melting temperature of the primary
�-Sn phase and the liquidus line of the newly developed ternary

solder alloy. The addition of 0.7 Cu further depressed the Tm of
Sn–5Sb alloy to 233.8 ◦C. However, from the DSC curves, it is clear
that Cu is more effective than Ag in dropping the melting temper-
ature of Sn–5Sb-based lead-free solders. Moreover, the addition
of Cu expands slightly the temperature interval of the pasty range
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Fig. 3. SEM microstructures of (a) Sn–5Sb, (b) Sn–5Sb–0.7Ag and (c) Sn–5Sb–0.7Cu solder alloys, and the corresponding EDS analysis of some locations.

Table 2
Chemical compositions of phases formed in Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder alloys.

Alloy Position Phase Compositions (at. %)

Sn Sb Ag Cu

Sn–5Sb A A SnSb 51.08 48.92
B �-Sn 97.06 2.94

Sn–5Sb–0.7Ag C C Ag3Sn 51.06 1.89 20.22
D SnSb 51.06 48.94

Sn–5Sb–0.7Cu E E Cu6Sn5 56.34 2.15 41.51
F SbSn 51.15 48.85



4578 A.A. El-Daly et al. / Journal of Alloys and Compounds 509 (2011) 4574–4582

(c)

140 160 180 200 220 240 260
-6

-4

-2

0

2

Temperature (
o

C )

239. 2 oC

237oC 240.9 oC

F
lo

w
 H

ea
t 

(m
W

)
Sn-5Sb

A/m = 56.11 J/g

(a)

140 160 180 200 220 240 260

1.2

1.6

2.0

2.4

239.6
o
C

225.4
o

C

236.9
o

C

228.7
o

C

A/m = 20. 35 J/g

A/m =11.86 J/g

Temperature (oC )

F
lo

w
 H

ea
t 

(m
W

)

(b) Sn- 5Sb- 0.7Ag

140 160 180 200 220 240 260
-1

0

1

2

3

o

237.1
o

C
230.2

o
C

233.8
o

C

F
lo

w
 H

ea
t 

(m
W

)

A/m = 48.8 J /g

Sn- 5Sb- 0.7Cu

F
S

(
i
p
d
a
o

3

o
F
s
r
a
e
w
h
t

Table 3
Comparison of solidus temperature (Tonset), liquidus temperature (Tend), pasty range
(Tonset–Tend) and melting temperature (Peak) for various solder alloys during heating.

Alloy Tonset (◦C) Tonset (◦C) Pasty range
(Tonset–Tend)

Melting tempertaure

(Peak 1) Peak (2)

Sn–5Sb 237.0 240.9 3.9 239.2
Sn–5Sb–0.7Ag 225.4 239.6 14.2 228.7 236.9
Sn–5Sb–0.7Cu 230.2 237.1 6.9 233.8
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21 3

IMCs inside the solder matrix. These results are consistent with the
previous finding [22] that the Cu6Sn5 often exhibits a larger elas-
tic modulus than Ag3Sn IMCs when alloying 0.7Cu and 1.5 Ag to
Sn–9Zn solder, respectively.

Table 4
Tensile properties of the solders Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder
alloys at T = 90 ◦C and ε′ = 1.2 × 10−2 s−1.
Temperature ( C )

ig. 4. DSC heating curves for solder alloys with the composition (a) Sn–5Sb, (b)
n–5Sb–0.7Ag and (c) Sn–5Sb–0.7Cu.

Tend–Tonset) from 3.9 to 6.9 ◦C, whereas the addition of Ag increases
t to 14.2 ◦C. This large pasty range increases the tendency towards
orosity and hot tearing due to the effect of alloy shrinkage and
ifferential thermal contraction during solidification. Thus, a small
ddition of Cu to Sn–5Sb alloy is expected to prevent the formation
f solidification defects caused by large pasty range.

.3. Tensile properties

The effect of Ag and Cu additions on the mechanical properties
f Sn–5Sb solder can be seen from stress–strain curves shown in
ig. 5. Table 4 and Fig. 6 list the average values of ultimate tensile
tress (UTS), yield stress (YS) and elongations at T = 90 ◦C and strain
ate of 1.2 × 10−2 s−1. The UTS values of Sn–5Sb, Sn–5Sb-0.7Ag,

nd Sn–5Sb–0.7Cu were 32.4, 34.3 and 40.0 MPa, respectively. The
longation at failure of Sn–5Sb, Sn–5Sb–0.7Ag, and Sn–5Sb–0.7Cu
ere 60%, 62.5%, and 69.0%, respectively. The Sn–5Sb–0.7Cu alloy
ad both the highest UTS and elongation, while Sn–5Sb alloy had
he lowest one. One possible reason for increasing the UTS of
Fig. 5. Comparative tensile stress–strain curves obtained at T = 90 ◦C and strain rate
of 1.2 × 10−2 s−1 for Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder alloys.

Sn–5Sb–0.7Cu alloy is the hardest and softest nature of Sn–Cu and
SbSn IMCs in this alloy, respectively. It is also interesting to note that
the enhanced ductility of Sn–5Sb–0.7Cu alloy is achieved without
sacrificing the mechanical strength. However, after the stress levels
climb up to YS of the solder alloys, the strain hardening, instead of
strain softening, has occurred in all the as-solidified solder alloys,
which may enhance the UTS and YS in these alloys [19]. Since the
deformation resistance of solder alloy was defined crucial mechan-
ical property, a good deformation resistance implies large plastic
region [8]. Compared with the Sn–5Sb alloy and Sn–5Sb–0.7Ag alloy
solders, which have a slight deformation resistance, an excellent
deformation resistance and long plastic region of Sn–5Sb–0.7Cu
alloy would insure this solder to become one of candidate for
substituting the Sn–5Sb solder in microelectronic packaging and
interconnecting. The addition of 0.7% Cu was sufficient to induce a
significant change in the mechanical properties. This indicates that
the resistance to necking has been improved due to the high inter-
face formed between SbSn and Cu6Sn5 IMCs with the �-Sn matrix,
which in turn enhanced both UTS and elongation [8,19]. These
results also are consistent with the findings of other researchers
working on Sn-based solder alloys [10,18,19,26]. On contrast, the
Ag3Sn IMCs particles formed in the Sn–5Sb–0.7Ag alloy can slightly
enhance the UTS of this solder due to small elastic modulus of these
Alloy YS (MPa) YS (MPa) Elongation (%)

Sn–5Sb 7.3 7.3 60.0
Sn–5Sb–0.7Ag 9.9 9.9 62.5
Sn–5Sb–0.7Cu 12.2 12.2 69.0
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lloys.
.4. Effect of strain rate on the mechanical properties

Fig. 7 shows the effect of strain rate on UTS, YS and elongations
f the three solder alloys at 90 ◦C. The entire alloys demonstrated
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longation for Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder alloys at 90 ◦C.
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an increase in both UTS and YS with increasing strain rate, indi-
cating that the tensile behavior of the three solder alloys is strain
rate dependant. These results are consistent with the previous find-
ings [9,19] that the tensile behavior of the Sn-based alloys often
exhibits a strong dependence on the strain rate, or high strain rate
sensitivity. The sparse distribution of soft SbSn particles in Sn–5Sb
binary alloy seems to cause small strength among the three solder
alloys investigated (Fig. 3a). On contrast, the UTS of Sn–5Sb–0.7Cu
is greater than those of other two solders over the strain rate range
investigated, and is approximately 1.25 times that of Sn–5Sb. More-
over, the YS of Sn–5Sb–0.7Cu is approximately 1.75 times higher
than that of Sn–5Sb. However, it is possible to explain the increase
in UTS not only by the increase in the volume fraction of IMCs in the
ternary alloys, but also with the nature of the atomic bonding forces
between the constituents of IMCs. For that reason, the fine needle-
like Cu6Sn5 IMCs with highest aspect ratios may constrain plastic
flow during tensile deformation. On the other hand, the elongation
for all alloys was decreased with increasing strain rate. Neverthe-
less, the Sn–5Sb–0.7Cu alloy exhibits larger elongation than that of
the binary Sn–5Sb and Ag-containing alloys at low and high strain
rates. Such change in UTS, YS and elongation can be reflected by
the microstructural changes observed in Figs. 1, 2 and 3, where the
morphology of large equiaxed �-Sn grains �-Sn phase in the Sn–5Sb
alloy is gradually changes to a relatively fine �-Sn grains with the
addition of Ag and Cu (Fig. 2). Alam et al. [9] had also obtained sim-
ilar results in Sn–5Sb, Sn–5Sb–3.5Ag and Sn–5Sb–1.5Au lead-free
solder alloys.

The both phenomenon of tensile strength and elongation can
also be explained by the dislocation multiplication and dislocation
interaction, i.e. the IMCs or precipitates formed by Ag and Cu addi-
tions were able to generate an additional obstacles for dislocation
motion at the grain boundary (the maximum region of mismatch)
and inside �-Sn matrix. The dislocation piles up can results in an
increase of tensile strength. This means that at high strain rates,
the tensile stress increases, since a process of recovery does not
takes place. For Cu additions, larger elongation than the binary
Sn–5Sb implies that the interaction between IMCs or precipitates
with the dislocation motion is strain rate dependent. That means;
at low strain rates, the precipitates hinder the fast moving dislo-
cation. With increasing the strain rates, IMCs cannot capture the
moving dislocation any more due to a faster velocity of the dis-
location in the alloy with increasing the strain rate as reported
previously [17,19].

3.5. Effect of temperature on the mechanical properties

The mechanical behaviors at different temperatures were
defined a very crucial thermo-mechanical property. This implies
that the thermal activated process, such as dynamic recovery, may
take place during tensile deformation. It is thought that the recov-
ery process can cause softening in the Sn–5Sb-based alloys through
the annihilation of microstructural point and line defects (dis-
locations, pinning locations, vacancies, etc.) [3]. Fig. 8 illustrates
the ability of deformation temperature to decrease the mechan-
ical properties of each solder at constant strain rate. It can be
seen that the UTS and YS of the three solder alloys decrease con-
stantly with increasing temperature. Increasing the deformation
temperature will initiate rearrangement of the dense dislocation
networks formed by strain hardening into simple and more ordered
ones. This reduces the lattice energy and therefore lowers the
values of UTS and YS at higher temperatures. Moreover, the dis-

locations have much more energy and can overcome tiny IMCs
particles that existed in the �-Sn-matrix. From Fig. 8, the UTS of
Sn–5Sb is little smaller than that of Sn–5Sb–0.7Ag alloy while, the
UTS of Sn–5Sb–0.7Cu is approximately 18% greater than that of
Sn–5Sb, indicating that Ag–Sn and Cu–Sn IMCs particles have a
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where A is a constant and n is the stress exponent. A plot of log-
otal elongation for Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder alloys at strain
ate of 1.2 × 10−2 s−1.

otable strengthening effect when the deformation is controlled
y dislocation-particle interaction mechanism. Hence, the ternary
lloys exhibit a much higher strength than the binary Sn–5Sb alloy
t the same strain rate and temperatures. Although this differ-
nce in UTS and YS is nearly constant at all the temperature range
except at 120 ◦C), the ductility as measured by percent elonga-
ion has decreased and increased with inconsistent behaviors for
ll the three solder alloys (Fig. 8). Even though the ductility is lim-
ted in the range of 48–72%, the Sn–5Sb–0.7Cu has combination
f higher ductility and strength than the other two alloys over the
emperature range investigated (except at 120 ◦C). Several possible
xplanations exist for sensitivity of ductility to testing tempera-
ures. These include compositional and heat treatment effects on
he matrix phase and IMC chemistries, impurity segregation to
nterfaces, the nature of interface formed between the IMCs and
he matrix, the growth rate and stability of the soft and hard IMCs
n the alloy matrix, the change of strain rate sensitivity (m) or stress

xponent (n) with temperature and the decrease of strain rate with
rogress in deformation at constant cross-head, instead of constant
rue strain rate.
Fig. 9. Applied stress dependence on the steady-state creep strain rate for determi-
nation stress exponent (n) values at temperature (a) T = 25 ◦C, (b) T = 90 ◦C and (c)
T = 120 ◦C for Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder alloys.

3.6. Stress exponents and activation energy

Tensile deformation mechanisms are identified by the values of
n and the activation energy Q. In fact, deformation of polycrystalline
materials at temperatures above 0.5Tm can take place by different
deformation mechanisms, associated with different stress expo-
nent values. Dislocation mechanism occurs as a result of viscous
glide (stress exponent n ≈ 3) or dislocation climb (stress exponent
n ≥ 4), but diffusional creep is associated with n values around 1 and
grain boundary sliding leads to n values close to 2 (33–35). Since
the relationship of stress–strain of Sn-based solder alloys is usually
expressed by the power-law of the type [25]:

ε′ = A �n exp
(−Q

RT

)
(1)
arithm of ε′ versus the logarithm of � yields a straight line with
slope (n) which determines the mechanism of creep deformation.
Fig. 9 compares the three alloys for the steady strain rate versus
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Table 5
Activation energy (Q) and stress exponent (n) values at low (�Low) and high (�High)
stresses for Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu solder alloys.

Alloy Temperature (◦C) n-values Q (kJ/mol)

�Low �High

Sn–5Sb 25 7.5 7.5 89.0
90 7.2 7.2

120 6.8 6.8 89.0
Sn–5Sb–0.7Ag 25 9.5 5.1 63.3

90 7.7 4.5
120 7.2 3.8 104.0
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pplied stress curves. The calculated stress exponents at different
emperatures are listed in Table 5. In contrast to the binary Sn–5Sb
lloy that exhibits a single stress exponent, the ternary alloys with
.7 Ag or 0.7 Cu show a higher stress exponent at lower stresses
nd a lower stress exponent at higher stresses. Such transitions
n the stress exponent suggest the operation of a threshold stress.
esides, the ternary alloy with 0.7 Cu is the most tensile strength
lloy (at stresses below about 57.4.0 MPa). The fine size and needle-
ike Cu6Sn5 shape often may constrain plastic flow during tensile
eformation because the height of the climb barrier is large, which
inders dislocation climb and improves tensile deformation behav-

or. Similar results are observed by Guo et al. [24]. On the other
and, the Sn–5Sb–0.7Cu solder has a crossover point in common
ith the binary Sn–5Sb alloy near 75 MPa at room temperature,
here the tensile strength is similar. Fig. 9(b) and (c) show the 90

nd 120 ◦C tensile data, which illustrate similar trend as observed
t room temperature. At 90 ◦C, it is interesting to note similar strain
ates for stresses that are about half of the room-temperature val-
es. It is also evident that the binary Sn–5Sb alloy tensile data obeys
he power law relation, but the ternary alloys exhibit high stress
xponents at lower stress due to the operation of a temperature-
ependent threshold stress, above which a particular deformation
echanism is able to operate. Similar trends are observed in near-

utectic Sn–Ag solders containing small amount of alloy additions
24].

However, Table 5 shows that the n values of the three solder
lloys are comparable to the n values of 6–8.6 at 27–100 ◦C for
ure tin, 5.5–9.8 at 27–100 ◦C for Sn–8.1Sb and 5–7.6 at 23–150 ◦C
or Sn–3.5Ag, and Sn–5Sb, which are typical of dislocation climb-
ontrolled creep [3]. Other results obtained in tensile creep tests on
ast and homogenized Sn–5Sb, Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu
lloys at high stress levels and low temperature range (from 25 to
0 ◦C) are characterized by n values in the range of 5.1–10.7, while
t low stress levels and high temperature region (120 ◦C), n was
pproximately equal to 5–7.5 [6]. Nonetheless, the variations in n
an be explained by differences in testing methods, microstruc-
ure, specimen preparation, measuring errors, and data processing

ethod.
The activation energy under constant strain rate, Q, can be cal-

ulated by the following equation deduced from Eq. (1):

= Rn
∂ ln �

∂
(

1/T
) (2)

values can be estimated from the standard Arrhenius plot of ln �
ersus 1000/T as shown in Fig. 10. The mean Q values were found
o be 89.0, 63.3–104 and 85–90 kJ mol−1 for Sn–5Sb, Sn–5Sb–0.7Ag,

nd Sn–5Sb–0.7Cu solders, respectively, in the temperature range
f 25–120 ◦C. These values were found to be in accordance with that
btained in previous work [3]. The stress exponent and activation
nergy obtained in this study, compared with the results from the
nalysis on pure tin [21], suggest also that tensile deformation can
1000/T  (K )

Fig. 10. The activation energy (Q), values of the given solder alloys: Sn–5Sb,
Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu.

take place by lattice-diffusion-controlled dislocation climb. Gener-
ally, the additions of second-phase particles can affect the distance
that dislocations glide between obstacles and the forces that cause
them to climb. However, several activated processes can occur in
particle-strengthened materials, such as particle by-pass by dislo-
cation climb, Orowan by-pass, and attractive interactions between
dislocations and particles. The large values of stress exponent are
often observed in dispersion-strengthened alloys due to the attrac-
tive interaction between dislocations and particles.

4. Conclusions

Tensile tests for Sn–5Sb, Sn–5Sb–0.7Ag, and Sn–5Sb–0.7Cu sol-
ders were conducted. The effects of Ag and Cu addition on the
microstructures and mechanical properties of solders were investi-
gated. The effects of strain rate and temperature on the mechanical
properties of solders were also studied. Some important results and
conclusions are summarized as follows:

From microstructure examination, the SbSn IMC is precipitated
within the �-Sn matrix in the pure Sn–5Sb-based lead-free sol-
der alloys. The two ternary alloys Sn–5Sb–0.7Ag and Sn–5Sb–0.7Cu
exhibited additional Ag3Sn, Cu3Sn and Cu6Sn5 IMC phases, respec-
tively. The Ag3Sn, Cu3Sn and Cu6Sn5 particles contributed to a
dispersion strengthening effect to the Sn–5Sb alloy with Ag and
Cu additions.

The addition of Ag and Cu decreases the melting point of Sn–5Sb
solder alloy from 239. 2 ◦C to 236.9 and 233.8 ◦C, respectively.

The Sn–5Sb–0.7Cu alloy had both the highest UTS and elon-
gation, while Sn–5Sb alloy had the lowest one. The formation of
fine �-Sn grain size and distribution of fine needle-like Cu–Sn IMC
phases in the Sn–5Sb–0.7Cu solder matrix were the main source of
the strengthening mechanism.

Sn–5Sb–0.7Ag alloy has the second largest strength at all inves-
tigated strain rate and temperature range, which can be attributed
to the nature of the atomic bonding forces between the constituents
of IMCs and the �Sn matrix.

Compared with the two ternary alloys, the sparse distribution of
small volume fraction of SbSn IMC particles in Sn–5Sb binary alloy
seems to cause the small strength among the three solder alloys
investigated.

For all alloys, both UTS and YS increased with increasing strain
rate and decreased with increasing temperature, whereas the duc-

tility changes were generally large for the ternary Sn–5Sb–0.7Cu
alloy.

The obtained Q and n-values were in good agreement with those
reported for conventional creep testing of dispersion-strengthened
alloys and suggest that tensile deformation can take place by
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