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a b s t r a c t

In this paper, the tensile tests were conducted at 25 ◦C to investigate the effect of Ag content and Ni doping
on the microstructures and mechanical properties of Sn–3.0Ag–0.5Cu, Sn–2.0Ag–0.5Cu, Sn–1.0Ag–0.5Cu,
Sn–1.0Ag–0.5Cu–0.05Ni and Sn–1.0Ag–0.5Cu–0.02Ni solders. The effect of strain rate on mechanical
properties was investigated for each solder using stain rates of 10−5 s−1, 10−4 s−1, 10−3 s−1, 10−2 s−1

and 10−1 s−1. In addition, the effect of temperature on mechanical properties was investigated for
Sn–1.0Ag–0.5Cu–0.02Ni solder by conducting tests at −35 ◦C, 25 ◦C, 75 ◦C and 125 ◦C. Test results show
that the elastic modulus, yield stress and ultimate tensile strength increase with increasing strain rate and
Ag content, but they decrease with increasing temperature. The elastic modulus, yield stress and ultimate
tensile strength are lower and the elongation is larger for Sn–1.0Ag–0.5Cu–0.05Ni solder compared with
icrostructure
train rate

Sn–1.0Ag–0.5Cu–0.02Ni solder. The strain rate and Ag content dependent mechanical property models
have been developed for Sn–Ag–Cu solders for the first time. In addition, the temperature and rate-
dependent mechanical property models have also been developed for Sn–1.0Ag–0.5Cu–0.02Ni solder.
The microstructures of solders were also analyzed. The Ag content affects Ag3Sn intermetallic compound
dispersion and Sn dendrite size. The microstructures of solder have fine Sn dendrites and more dispersed
IMC particles for the high Ag content solder, which makes the solder exhibit high strength and yield

stress.

. Introduction

With the increasing requirement for lead-free solders, it is useful
o understand how different solders affect the reliability of micro-
lectronic assembly when subjected to different loading conditions
uch as thermal cycling, bending, vibration and drop impact. The
n–Ag–Cu solder is one commonly used lead-free solder in sur-
ace mount technology (SMT) assembly for microelectronics. Many
tudies were conducted on Sn–Ag–Cu lead-free solders [1–30].
esults showed that the Ag content affects thermal fatigue life
nd drop lifetime for the soldered assembly with Sn–xAg–Cu lead-
ree solder joint. The thermal fatigue life increases with increasing
g content in Sn–xAg–Cu lead-free solders due to the Ag con-
ent affecting solder fatigue resistance and mechanical properties
2]. However, the drop performance of electronic assembly with
n–xAg–Cu lead-free solder joint is worsened with increasing Ag
ontent in Sn–xAg–Cu solder [3]. Hence, the different effect trends
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of Ag content on thermal fatigue life and drop performance were
obtained. In order to improve drop performance without reducing
the thermal fatigue life of the electronic assembly with Sn–Ag–Cu
lead-free solders, some metal additives, such as Ni, Zn, Fe, Co and
rare-earth (RE) elements, have been introduced into Sn–Ag–Cu sol-
ders to refine the microstructures and reduce the intermetallic
compound growth [4–10,13–22]. Among the additives, Ni is one
dominant and widely used doping material in Sn–Ag–Cu solders
due to its excellent performance in improving solder microstruc-
ture, reducing IMC growth and increasing the drop lifetime of
electronic assembly [4–10]. Liu et al. [8] reported that the Ni addi-
tion has a positive effect on the growth of (CuNi)6Sn5 layer but
negative effect on the growth of Cu3Sn layer around the inter-
face between Sn–3.8Ag–0.7Cu–xNi solder and Cu substrate during
isothermal aging condition and that the IMC grains are refined with
the Ni addition increasing. The Cu3Sn growth is usually linked to the
formation of Kirkendall voids, which in turn increases the potential
of interfacial brittle fracture [11]. As a result, drop test performance

is improved for Sn–Ag–Cu solder joints with a small amount of Ni
addition due to thickness reduction of the refined Cu3Sn layer [12].
The study by Wang et al. [9,10] showed that the minimum effective
Ni addition to Sn–2.5Ag–0.8Cu solder is in a range of 0.01–0.03 wt.%.
This is effective in suppressing the Cu3Sn growth and does not cause
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n excessive Cu6Sn5 growth during the reflow stage and aging con-
ition. Recently, some researchers found that the addition of RE
lements in Sn–Ag–Cu solders can refine the microstructure and
mprove the tensile strength and wettability [14–22]. Wang et al.
17] reported that the solderability and mechanical properties of
n–3.8Ag–0.7Cu solder can be improved by adding light RE Ce in
range of 0.03–0.05 wt.% because the Ce makes the Cu6Sn5 and
g3Sn precipitates become smaller and uniformly distributed. The
reep rupture time of Sn–3.8Ag–0.7Cu solder can be improved by
dding 0.05 wt.% Ce as creep damages are reduced and microcrack
ropagation site is changed due to refinement of IMC particles [18].
hi et al. [19] reported that adding small amount of heavy RE Er can
lso improve the wettability, mechanical strength and creep rup-
ure life of Sn–3.8Ag–0.7Cu solder alloy due to the refining of IMC
articles and the proper Er content in solder should be in a range of
.05–0.25 wt.%. Noh et al. [20] investigated the effect of adding Ce
o low Ag content solder (Sn–1.0Ag) on microstructure, wettabil-
ty and mechanical properties using three Ce contents of 0.1 wt.%,
.2 wt.%, and 0.3 wt.%. The results showed that the microstructures
f Sn–1.0Ag–xCe solder become finer and the tensile strength of sol-
er increases with increasing Ce, but the wettability increases in
he order: Sn–1.0Ag–0.3Ce, Sn–1.0Ag–0.5Ce and Sn–1.0Ag–0.1Ce
20]. The RE elements are known to be easily oxidized and the
xcessive RE addition would deteriorate the microstructure and
ettability. The rapid growth of tin whiskers has been observed

n the surface of Sn–3.0Ag–0.5Cu–0.5Ce solder joints of ball grid
rray (BGA) packages due to the coarse CeSn3 intermetallic clus-
er effect [21]. The rapid tin whisker growth can be prevented
y adding 0.2 wt.% Zn into Sn–3.0Ag–0.5Cu–0.5Ce solder and the
ensile strength of Sn–3.0Ag–0.5Cu–0.5Ce–0.2Zn solder improved
ignificantly compared with that of Sn–3.0Ag–0.5Cu–0.5Ce solder
22]. However, the long-term reliability, such as thermal cycling
nd the electromigration effect due to high current density, are
ot clear for lead-free solders with RE addition compared with Ni
oped solders, which needs to be investigated. So far, most of the
tudies focused on the effects of Ag content and metal additions
n the solder microstructures [7–10,13–25]. Even though some
esearchers [2,26,27] investigated the effect of Ag content on frac-
ure behavior and fatigue properties of Sn–Ag–Cu solder, there
s a lack of a systematic investigation in the effect of Ag content
nd metal additions on the mechanical properties of Sn–Ag–Cu
olders, e.g., elastic modulus and yield stress. Such mechanical
roperty data are essential for finite element modeling and sim-
lation to help in the design-for-reliability of electronic assembly.
herefore, the main objective of this paper is to develop the Ag con-
ent dependent, strain rate-dependent and temperature dependent

echanical property models for Sn–Ag–Cu solders.
In this paper, the effect of Ag content on the mechanical prop-

rties of Sn–xAg–0.5Cu solders and the effect of Ni addition on
he mechanical properties of Sn–1.0Ag–0.5Cu solder were inves-
igated through the tensile tests for bulk solder specimens. Based
n Pang’s investigation, the mechanical properties of lead-free sol-
er were similar for both bulk solder and solder joint [28]. So
he mechanical properties from bulk solder test can be used in
nite element modeling and simulation for the stress–strain behav-

or evaluation of microscale solder joint. It is known that solder
echanical properties vary significantly with temperature and

train rate [28–30]. In this paper, three different Ag contents includ-
ng 1 wt.%, 2 wt.% and 3 wt.% Ag in Sn–xAg–0.5Cu solders, and two Ni
dditives including 0.02 wt.% and 0.05 wt.% Ni in Sn–1.0Ag–0.5Cu
older were investigated. The mechanical properties such as elastic

odulus, ultimate tensile strength (UTS), yield stress and elon-

ation, were compared for different solders. The effect of strain
ate on the mechanical properties of Sn–Ag–Cu solders was also
nvestigated in a range from 10−5 s−1 to 10−1 s−1, which covered
he solder strain rate encountered in thermal cycling, mechan-
Fig. 1. Geometry of solder specimen.

ical cyclic bending and vibration loads. The microstructures of
different solders were also analyzed based on scanning electron
microscope (SEM) images. In addition, different testing tempera-
ture conditions including −35 ◦C, 25 ◦C, 75 ◦C and 125 ◦C were used
for Sn–1.0Ag–0.5Cu–0.02Ni solder to investigate the effect of tem-
perature on the mechanical properties of solder.

2. Experimental procedures

The Sn–Ag–Cu bulk solder specimens with flat dog-bone shape were used in this
work. Fig. 1 shows the solder bar specimen and its dimensions. The thickness of sol-
der bar is 3 mm. The solder alloys were melted and maintained 100 ◦C above their
respective melting point for 20 min. The bulk solder specimens were cast inside
the designed aluminum mold, which was preheated to 120 ◦C above the melting
points of the solder alloys. Then, the specimens were naturally air-cooled at ambi-
ent temperature (25 ◦C). Before the testing, the specimen was annealed at 100 ◦C
for 2 h to reduce the residual stress induced in the sample preparation. Then, the
solder bar was fixed onto a testing grip at two ends of specimen using a universal
tester as shown in Fig. 2. An extensometer was secured onto the specimen surface
to measure the strain of solder. In this work, a length of 10 mm was used as a gauge
length. Tensile force added on the specimen was measured by a load cell for stress
calculation. The stress–strain curve can be obtained from the measurement data by
extensometer and load cell. The strain rate can be controlled by adjusting loading
speed. For testing conditions at high and low temperatures, a thermal chamber was
used to enclose the tested specimen to provide the designed temperature condition.

This paper focuses on the effect of Ag content, Ni doping, strain rate and tempera-
ture on the mechanical material properties of lead-free solders. Five different solders
were prepared with the following nominal composition: Sn–3.0Ag–0.5Cu (SAC305),
Sn–2.0Ag–0.5Cu (SAC205), Sn–1.0Ag–0.5Cu (SAC105), Sn–1.0Ag–0.5Cu–0.05Ni
(SAC105Ni0.05) and Sn–1.0Ag–0.5Cu–0.02Ni (SAC105Ni0.02). Table 1 lists the
detailed chemical compositions of five solder alloys. Five samples were tested under
the same testing condition for each solder specimen to obtain the reliable and
repeatable results. Then, the mechanical properties were obtained by averaging test-
ing data. The tensile tests were conducted at room temperature (25 ◦C) for SAC305,
SAC205, SAC105, SAC105Ni0.05 and SAC105Ni0.02 solders under different strain
rates of 10−5 s−1, 10−4 s−1, 10−3 s−1, 10−2 s−1, and 10−1 s−1, respectively to investi-
gate the effect of Ag content, Ni additive and strain rate on the mechanical properties
of solder, such as elastic modulus, yield stress, ultimate tensile strength (UTS) and
elongation. In this paper, the elastic modulus, also called Young’s modulus, of solder
was obtained from the elastic part of the tensile stress–strain curve. The yield stress
of solder was considered as the stress value at which 0.2% plastic strain occurs. The
UTS of solder was considered as the maximum stress in the stress–strain curve. In
addition, the effect of temperature on the mechanical properties of SAC105Ni0.02
solder was investigated by conducting tests at at −35 ◦C, 25 ◦C, 75 ◦C and 125 ◦C, so
as to develop the temperature dependent mechanical properties for SAC105Ni0.02
solder.

The microstructures of solders were analyzed based on the scanning electron
microscope (SEM) images. The SEM samples were prepared by dicing, resin molding,
grinding and polishing processes. The effects of Ag content on IMC distribution and
Sn dendrite were examined to understand the effect of Ag content on the mechanical
properties of solders.

3. Results and discussion
3.1. Effect of strain rate on solder mechanical properties

Fig. 3 shows the typical ductile failure mode of Sn–3.0Ag–0.5Cu
solder. Necking and surface coarsening phenomena were observed
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Fig. 2. Tensile tes

Table 1
Chemical compositions for solders used in this study (wt.%).

Alloy Sn Ag Cu Ni

SAC105 Balance 1.01 0.518 <0.001
SAC205 Balance 1.99 0.521 <0.001
SAC305 Balance 2.98 0.527 <0.001
SAC105Ni0.02 Balance 1.01 0.518 0.0197
SAC105Ni0.05 Balance 1.01 0.518 0.0498
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Fig. 3. Typical ductile failure mode of Sn–3.0Ag–0.5Cu solder.

or the tested solder before complete failure. The stress–strain
urves of Sn–1.0Ag–0.5Cu–0.02Ni solder are shown in Fig. 4. It
hows that strain rate affects mechanical properties significantly.
he solder exhibits significant ductility with large elongation and
lastic deformation before fracture. The yield stress, UTS and

longation increase with increasing strain rate. Fig. 5 shows the
echanical properties of elastic modulus, yield stress, UTS, elonga-

ion at UTS (UE) and total elongation for different Sn–Ag–Cu solders
ith varying tensile strain rates. Different solders show the simi-

ig. 4. Effect of strain rate on the stress–strain curve of Sn–1.0Ag–0.5Cu–0.02Ni
older.
ting setup.

lar trend with strain rate effect. The elastic modulus, E, of solder is
determined by the initial slope of the elastic part of stress–strain
curve. The yield stress, �y, of solder is considered as the stress value
at which 0.2% plastic strain occurs. After yield, the solder shows
more ductility due to creep effect. The UTS of solder is considered
as the maximum stress in the stress–strain curve. The elongation
corresponding to the UTS and the total elongation at the solder
specimen fracture point increase with increasing strain rate. When
the tensile test is conducted under a low strain rate, the solder creep
effect is significant, so the elastic modulus, yield stress and UTS
decrease due to creep behavior. When the solder is tested under
a large strain rate, the testing time to solder fracture failure is so
short that the creep of solder cannot be fully developed. There-
fore, the solder exhibits higher elastic modulus, yield stress and
UTS.

From the testing result analysis, the relationship between
mechanical properties and strain rate can be determined through
curve-fitting. Figs. 6–8 show the relationship between strain rate
and elastic modulus, yield stress and UTS for different solders. The
elastic modulus, yield stress and UTS increase with increasing strain
rate for all solders. The solder with high Ag content exhibits larger
elastic modulus, yield stress and UTS compared with the solder
with low Ag content. The effect of Ni additive on mechanical prop-
erties under different strain rates is much more complicated than
the effect of Ag content on mechanical properties. The effect of Ag
content and Ni additive on mechanical properties will be discussed
in the subsequent sections. The logarithmic relationship between
elastic modulus and strain rate can be obtained from Fig. 6. The
power relationship between yield stress, UTS and strain rate can be
found from Figs. 7 and 8.

The strain rate-dependent material property models of
Sn–Ag–Cu solders including the elastic modulus of E, yield stress
of �y and UTS can be written as follows:

E(ε̇)Sn–Ag–Cu = a1 log(ε̇) + a2 (1)

�y(ε̇)Sn–Ag–Cu = b1(ε̇)b2 (2)

UTS(ε̇)Sn–Ag–Cu = c1(ε̇)c2 (3)

where a1, a2, b1, b2, c1, and c2 are material constants, which are
obtained from curve-fitting and listed in Table 2 for different sol-

ders. The calculated values and errors of the mechanical properties
compared with the test results are listed in Table 3. It can be seen
that the curve-fitting models are accurate with the errors within
13.1% for the predicted elastic modulus, 6.6% for the predicted yield
stress and 5.0% for the predicted UTS. The above rate-dependent
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Fig. 5. Effect of strain rate on the mechanical properties of Sn–Ag–Cu sol
echanical models can be implemented in finite element simula-
ion for calculating the material properties of solder to simulate
tress behavior when the soldered electronic assemblies are sub-
ected to external loading with various strain rates.

ig. 6. Relationship between elastic modulus and strain rate for different Sn–Ag–Cu
olders.
) SAC105, b) SAC205, c) SAC305, d) SAC105Ni0.02, and e) SAC105Ni0.05.

3.2. Effect of Ag content on solder mechanical properties and
microstructures

Fig. 9 shows the stress–strain curves for different Sn–Ag–Cu
solders under the same strain rate. The tensile strength of solder
increases with increasing the Ag content. Increasing the Ag content
in Sn–Ag–Cu solder reduces the ductility. Therefore, the electronic
assembly with high Ag content solder joint has lower drop lifetime
when subjected to drop impact, which is consistent with the testing
results given by Amagai et al. [3]. The low Ag content solders are
increasingly used in electronic assembly for handheld electronic
products to improve the drop performance of solder joint [3,12].

Figs. 10–12 show the effect of Ag content on the elastic modulus,
yield stress and UTS under different strain rates, respectively. It can
be seen that the elastic modulus, yield stress and UTS increase with
increasing the Ag content for all strain rates. Table 4 lists the Ag
content dependent mechanical property models and material con-
stants for Sn–xAg–0.5Cu solders under different strain rates based
on a linear regression model. The x in Table 4 represents the Ag
content in weight percentage value, for example, x equals to 1 for

Sn–1.0Ag–0.5Cu solder. For a given strain rate, the elastic modu-
lus, yield stress and UTS for Sn–xAg–0.5Cu solder can be calculated
by substituting Ag content, x into the models in Table 4. From
the literature review, this is the first time the Ag content depen-
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ig. 7. Relationship between yield stress and strain rate for different Sn–Ag–Cu
olders.

able 2
aterial constants in the rate-dependent mechanical property models of (1)–(3).

Solders a1 a2 (GPa) b1

SAC105 6.56 63.87 32
SAC205 5.55 65.08 38
SAC305 5.99 72.43 43
SAC105Ni200 ppm 3.82 54.86 32
SAC105Ni500 ppm 10.25 65.29 16

able 3
redicted mechanical property data and errors for different solders at various strain rates

Solder/strain rate Calculated values

E (GPa) Yield (MPa)

SAC105
10−5 s−1 31.06 17.81
10−4 s−1 37.62 20.04
10−3 s−1 44.18 22.56
10−2 s−1 50.75 25.39
10−1 s−1 57.31 28.57

SAC205
10−5 s−1 37.33 23.75
10−4 s−1 42.88 26.22
10−3 s−1 48.43 28.95
10−2 s−1 53.98 31.96
10−1 s−1 59.53 35.29

SAC305
10−5 s−1 42.50 25.95
10−4 s−1 48.48 28.75
10−3 s−1 54.47 31.86
10−2 s−1 60.46 35.29
10−1 s−1 66.44 39.10

SAC105Ni200 ppm
10−5 s−1 35.75 18.75
10−4 s−1 39.57 20.95
10−3 s−1 43.39 23.42
10−2 s−1 47.22 26.17
10−1 s−1 51.04 29.25

SAC105Ni500 ppm
10−4 s−1 24.30 14.25
10−3 s−1 34.55 14.83
10−2 s−1 44.80 15.43
Fig. 8. Relationship between UTS and strain rate for different Sn–Ag–Cu solders.

dent mechanical property models for Sn–Ag–Cu solder have been

developed. Such models can be used to calculate the mechanical
properties of Sn–Ag–Cu solder when the actual test data are not
available.

(MPa) b2 c1 (MPa) c2

.15 0.0513 53.99 0.0918

.96 0.0430 59.90 0.0746

.32 0.0445 60.18 0.0608

.69 0.0483 51.02 0.0775

.71 0.0173 43.88 0.0960

.

Errors

UTS (MPa) E Yield UTS

18.76 5.3% −2.6% −2.2%
23.18 −2.2% 6.6% 1.8%
28.64 −3.6% −4.3% 3.4%
35.38 −0.3% −0.3% −2.6%
43.70 2.1% 0.8% −0.1%

25.38 3.4% −1.2% −4.6%
30.13 −0.9% 1.9% 4.7%
35.78 −4.4% 2.1% 4.2%
42.48 0.6% −4.4% −3.2%
50.45 1.6% 2.0% −0.8%

29.88 5.0% 0.0% −1.9%
34.38 −1.4% 4.8% 5.0%
39.54 −4.2% −5.3% −1.6%
45.48 −1.6% −3.3% −4.0%
52.32 3.3% 4.2% 2.7%

20.90 2.1% −1.8% −3.3%
24.99 −0.3% 2.4% 3.9%
29.87 −1.3% 1.7% 3.3%
35.71 −2.4% −3.5% −4.7%
42.68 2.5% 1.2% 1.0%

18.12 11.7% 1.2% −2.3%
22.61 −13.1% −2.3% 4.9%
28.20 6.1% 1.2% −2.4%
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Fig. 9. Effect of Ag content on the stress–strain curves of Sn–Ag–Cu solders.
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Fig. 11. Effect of Ag content on yield stress of Sn–Ag–Cu solder under different strain
rates.

T
M

ig. 10. Effect of Ag content on elastic modulus of Sn–Ag–Cu solder under different
train rates.

In order to further investigate the effect of Ag content on
he solder mechanical properties and microstructures, scanning
lectron microscopy was used to study the microstructures of
olders. Fig. 13 shows the SEM images of microstructure for dif-
erent Sn–Ag–Cu solders. It can be seen that the Ag content affects
he Ag3Sn and Cu6Sn5 intermetallic compound (IMC) precipitate.
ncreasing Ag content in Sn–Ag–Cu solder increases the amount
f Ag3Sn and Cu6Sn5 IMCs distributed in a Sn-rich matrix. There-
ore, the microstructure of solder has finer Sn dendrites and more
MC precipitates in solder with higher Ag content such as SAC305.
his makes the solder exhibit high strength and fatigue resistance
ecause of precipitate strengthening [24]. Thermal fatigue tests
one by Terashima et al. [2] showed that the electronic assem-
lies with high Ag content solder joint exhibited a higher thermal
atigue life. In the meantime, more evenly distributed Ag3Sn IMC
recipitates in the high Ag content solder can suppress the plastic
eformation of solder. In the Hall–Petch relation, the yield stress of
given metal material is proportional to d−1/2, where d is its aver-
ge grain size [31]. Merchant et al. [32] has reported that the fine

rain size Cu foils have relatively large elastic modulus and yield
tress at room temperature.

The low Ag content solders with low elastic modulus and yield
tress exhibit relatively high ductility. Figs. 14 and 15 show the total
longation at the solder fracture point and elongation at UTS for

able 4
echanical property models and constants for Sn–xAg–0.5Cu solders (x is the Ag content

Strain rate (s−1) E = aX + b (GPa) �

a b (GPa) c

0.00001 5.49 24.37 3
0.0001 5.34 32.96 4
0.001 5.50 40.12 5
0.01 5.26 44.81 5
0.1 4.10 51.48 4
Fig. 12. Effect of Ag content on UTS of Sn–Ag–Cu solder under different strain rates.

different solders. It can be seen that the SAC105 solder has a larger
total elongation and UE than the solders of SAC205 and SAC305 due
to sparsely distributed Ag3Sn IMC particles in SAC105 solder. The
larger UE and total elongation can improve the solder drop per-
formance because the softer solder joints absorb more dynamic
energy and reduce the dynamic stress transferred from printed
circuit board (PCB) to IMC/solder interface layer [3,12].

3.3. Development of Ag content and rate-dependent mechanical
property models

The two sections above discussed the effects of strain rate and
Ag content on mechanical properties separately. For the given sol-
ders of SAC105, SAC205 or SAC305, the elastic modulus, yield stress
and UTS can be determined by using Eqs. (1)–(3) and Table 2 when
the strain rate is known. For a certain strain rate, the mechanical
properties can be determined for Sn–xAg–0.5Cu solders by using

the models in Table 4. For example, for the Sn–1.2Ag–0.5Cu sol-
der, the mechanical properties can be calculated by substituting
x = 1.2 into the corresponding model in Table 4. In this section,
the effects of Ag content and strain rate on mechanical proper-

in wt.%).

y = cX + d (MPa) UTS = eX + f (MPa)

d (MPa) e f (MPa)

.84 15.08 5.63 14.15

.32 15.36 4.99 18.12

.04 18.45 6.25 21.57

.53 20.75 5.55 31.44

.60 24.30 3.60 41.32
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Fig. 14. Effect of Ag content on total elongation of Sn–Ag–Cu solder under different
strain rates.

Fig. 15. Effect of Ag content on elongation at UTS of Sn–Ag–Cu solder under different
strain rates.

T
M

ig. 13. SEM images of the microstructure of Sn–Ag–Cu solders: a) SAC105, b)
AC205, and c) SAC305.

ies are considered concurrently to develop the uniform Ag content
nd rate-dependent mechanical property models. Through curve-
tting analysis, the elastic modulus of E, yield stress of �y and UTS
f solders satisfy the following models:

(X, ε̇)Sn–xAg–0.5Cu = (a1X + a2)log(ε̇) + (a3X + a4) (4)

(b3X+b4)

y(X, ε̇)Sn–xAg–0.5Cu = (b1X + b2)(ε̇) (5)

TS(X, ε̇)Sn–xAg–0.5Cu = (c1X + c2)(ε̇)(c3X+c4) (6)

here x is the Ag content (wt.%) in Sn–xAg–0.5Cu solder. The mate-
ial constants of a1, a2, a3, and a4 in the elastic modulus model; b1,

able 5
aterial constants in Ag content and rate-dependent mechanical property models of (4)–

Elastic modulus model Yield stress model

Variable Value Variable

a1 −0.285 b1

a2 6.604 b2

a3 4.282 b3

a4 58.559 b4
Fig. 16. Effect of Ni additive on the mechanical properties of solder.
b2, b3, and b4 in the yield stress model; c1, c2, c3, and c4 in the UTS
model are given in Table 5. From the error analysis between the
calculated values and the test results, it is found that the curve-
fitting Eqs. (4)–(6) are accurate with the errors within 6.0% for the

(6).

UTS model

Value Variable Value

5.851 c1 2.870
26.213 c2 52.596
−0.00166 c3 −0.0155

0.0483 c4 0.107
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Fig. 17. Effect of temperature on the stress–strain curve of SAC105Ni0.02 solder.
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Fig. 20. Effect of temperature on UTS of SAC105Ni0.02 solder.

Fig. 21. Effect of strain rate on elastic modulus of SAC105Ni0.02 solder.
Fig. 18. Effect of temperature on elastic modulus of SAC105Ni0.02 solder.

redicted elastic modulus, 9.0% for the predicted yield stress and
1.0% for the predicted UTS.

.4. Effect of Ni additive on solder mechanical properties

Two Ni doped solders of SAC105Ni0.02 and SAC105Ni0.05 were
hosen for investigating the effect of Ni additive on the mechanical
roperties of solder. Adding Ni particles in the Sn–Ag–Cu solder

mproves solder joint drop reliability because Ni additive sup-
resses the Cu3Sn IMC growth and improves solder microstructures
nd tensile properties [4,5,7–10]. More and more lead-free solders

ith Ni additive are being applied in handheld electronic products.

hus it is necessary to assess the mechanical properties for such
olders. Fig. 16 shows the effect of Ni additive on the material prop-
rties of solder. It can be seen that 500 ppm Ni additive in solder
ffects the mechanical properties of solder more significantly com-

Fig. 19. Effect of temperature on yield stress of SAC105Ni0.02 solder.

Fig. 22. Effect of strain rate on yield stress of SAC105Ni0.02 solder.

Fig. 23. Effect of strain rate on UTS of SAC105Ni0.02 solder.
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Table 6
Material constants in temperature and rate-dependent mechanical property models of (7)–(9).

Elastic modulus model Yield stress model UTS model

Variable Value Variable Value Variable Value

p
N
l
a
f
f
[
l
i
t
5
a
s
t
o
s
e
o
2
m
a
d
t
u

3
p

i
w
d

T
P

a1 −0.00592 b1

a2 6.07 b2

a3 −0.164 b3

a4 65.59 b4

ared with 200 ppm Ni additive. The SAC105 solder with 500 ppm
i additive has a lower elastic modulus, UTS and yield stress, but a

arger elongation compared with SAC105 solder without Ni doping
nd SAC105 solder with 200 ppm Ni additive. One possible reason
or such phenomena is that with increasing Ni additive, the volume
raction of Sn dendrites decreases and the IMC becomes coarser
33]. This makes SAC105 solder with 500 ppm Ni additive exhibit
ower elastic modulus and yield stress. In addition, the peak in flu-
dity was observed for 500 ppm Ni in Sn-based lead-free solder due
o the suppression of Sn dendrites [33], which makes solder with
00 ppm Ni additive exhibit more ductility and larger elongation
ccordingly. The SAC105 solder with 200 ppm Ni additive shows the
imilar mechanical properties as SAC105 solder without Ni addi-
ive. At a low strain rate regime, the elastic modulus and yield stress
f SAC105Ni0.02 solder are slightly higher than those of SAC105
older (see Figs. 6 and 7). However, at a high strain rate regime, for
xample, more than 0.01 s−1, the elastic modulus and yield stress
f SAC105Ni0.02 solder are lower than those of SAC105 solder. The
00 ppm Ni additive in SAC105 solder reduces the sensitivity of the
echanical property to strain rate. Research revealed that the Ni

dditive in Sn–Ag–Cu solder increased the impact strength of sol-
er joint based on Izod impact test results [6], which contributed
o the improvement of the drop reliability of electronic assembly
sing Ni doped Sn–Ag–Cu solder joint.

.5. Development of temperature and rate-dependent mechanical
roperty models for SAC105Ni0.02 solder
In this paper, the correlation between Ni additive and mechan-
cal properties has not been developed systematically compared

ith the effect Ag content on mechanical properties of sol-
er. However, the tensile tests were conducted comprehensively

able 7
redicted mechanical property data and errors based on the models of (7)–(9).

Strain rate/temp. Calculated values

E (GPa) Yield (MPa)

10−5 s−1

−35 ◦C 39.97 22.62
25 ◦C 31.89 18.09
75 ◦C 25.15 14.34
125 ◦C 18.42 10.62

10−4 s−1

−35 ◦C 46.24 25.45
25 ◦C 37.81 20.36
75 ◦C 30.77 16.14
125 ◦C 23.74 11.95

10−3 s−1

−35 ◦C 52.52 28.60
25 ◦C 43.73 22.88
75 ◦C 36.40 18.15
125 ◦C 29.07 13.44

10−2 s−1

−35 ◦C 58.79 32.09
25 ◦C 49.64 25.69
75 ◦C 42.02 20.38
125 ◦C 34.40 15.10
−0.132 c1 −0.243
35.57 c2 59.76
−4.80E−05 c3 2.02E−04

0.0513 c4 0.0745

for SAC105Ni0.02 solder under different temperature conditions
and strain rates to develop the temperature and rate-dependent
mechanical property models. This solder is widely used and there
is currently insufficient data available for finite element modeling
and simulation. The temperature ranges from −35 ◦C to 125 ◦C and
the strain rate varies from 10−5 s−1 to 10−2 s−1, so the developed
material models can be used in finite element and simulation for
solder joint reliability evaluation when electronic assemblies sub-
ject to typical thermal cycling, bending and vibration loads. Fig. 17
shows the typical stress–strain curve of solder under different test-
ing temperatures. It is clear that the solder becomes more ductile
and softer when testing temperature increases. Figs. 18–20 show
the effect of temperature on the elastic modulus, yield stress and
UTS at various strain rates. It can be seen that the elastic mod-
ulus, yield stress and UTS decrease with increasing temperature.
The effect of temperature on the mechanical properties of solder
at a large strain rate is more prominent compared with such effect
at a low strain rate. Figs. 21–23 show the effect of strain rate on
the elastic modulus, yield stress and UTS at different test tempera-
tures. It can be seen that the elastic modulus, yield stress and UTS
increase with increasing strain rate. Large strain rate makes the
solder become harder, while high temperature makes the solder
become softer.

Based on correlation between the mechanical properties and
strain rate or temperature from Figs. 18–23, the rate and tempera-
ture dependent mechanical property models have been developed
for SAC105Ni0.02 solder:
E(T, ε̇)SAC105Ni0.02 = (a1T + a2)log(ε̇) + (a3T + a4) (7)

�y(T, ε̇)SAC105Ni0.02 = (b1T + b2)(ε̇)(b3T+b4) (8)

UTS(T, ε̇)SAC105Ni0.02 = (c1T + c2)(ε̇)(c3T+c4) (9)

Errors

UTS (MPa) E Yield UTS

31.42 3.4% 4.5% 3.4%
21.49 −8.9% −5.2% −0.5%
14.80 3.9% 0.3% −7.7%

9.33 −4.5% −9.3% −14.4%

36.70 1.0% 0.8% −0.7%
25.81 −4.7% −0.5% 7.3%
18.20 10.5% 6.6% 6.2%
11.73 2.1% −7.4% −13.3%

42.86 −0.5% 4.7% −4.4%
31.00 −0.5% −0.6% 7.1%
22.37 10.0% 3.5% 6.1%
14.76 −5.3% −3.9% −9.9%

50.05 −1.7% 5.5% −3.4%
37.23 2.6% −5.2% −0.7%
27.50 −1.9% −7.4% 14.2%
18.57 −2.5% 3.7% −3.4%
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here T is temperature in ◦C, ε̇ is strain rate in s−1. The material
onstants of a1, a2, a3, and a4 in the elastic modulus model; b1, b2,
3, and b4 in the yield stress model; c1, c2, c3, and c4 in the UTS
odel are listed in Table 6. The error analysis was conducted to

valuate the accuracy of models. The calculated values and errors
f the mechanical properties are listed in Table 7. It can be seen
hat the curve-fitting models are accurate with the errors within
0.5% for the predicted elastic modulus, 9.3% for the predicted yield
tress and 14.4% for the predicted UTS. Such models can be used in
nite element modeling and simulation for solder joint reliabil-

ty assessment when the electronic assemblies with SAC105Ni200
older subject to thermal cycling, mechanical bending or vibration
oading.

. Conclusions

Tensile tests for Sn–1Ag–0.5Cu, Sn–2Ag–0.5Cu, Sn–3Ag–0.5Cu,
n–1.0Ag–0.5Cu–0.02Ni and Sn–1.0Ag–0.5Cu–0.05Ni solders were
onducted. The effects of Ag content, Ni additive, strain rate and
emperature on the mechanical properties of solders were investi-
ated. The effect of Ag content on the microstructures of solder was
lso studied. Some important results and conclusions are summa-
ized as follows:

1) The elastic modulus, yield stress and UTS of Sn–Ag–Cu solders
are highly strain rate and temperature dependent. The elastic
modulus, yield stress and UTS increase with increasing strain
rate, but decrease with increasing temperature.

2) The elastic modulus, yield stress and UTS increase
with increasing the Ag content. The Ag content depen-
dent mechanical property models are provided for
Sn–xAg–0.5Cu solders under different strain rates for the first
time.

3) The strain rate and Ag content dependent mechanical property
models for the elastic modulus, yield stress and UTS with satis-
factory accuracy have been developed for Sn–Ag–Cu solders for
the first time, which can be used to determine the mechanical
properties at various loading rates for Sn–Ag–Cu solders with
different Ag contents.

4) The strain rate and temperature dependent mechanical prop-
erty models for the elastic modulus, yield stress and UTS have
been developed for SAC105Ni0.02 solder. Such models can
be used in finite element modeling and simulation for solder

material to evaluate the thermomechanical or mechanical per-
formance of electronic assemblies.

5) The microstructure of high Ag content solder has more IMC pre-
cipitates and finer Sn dendrites, which makes the solder exhibit
high strength.

[
[

[
[

ompounds 507 (2010) 215–224

(6) The elongation at UTS point and total elongation at fracture
point increase with increasing strain rate, but decrease with
increasing the Ag content.

(7) The Sn–Ag–Cu solder with 500 ppm Ni additive exhibits more
ductility (such as larger elongation, lower elastic modulus and
yield stress) than Sn–Ag–Cu solder with 200 ppm Ni additive
because of the peak in fluidity, the suppression of Sn dendrites
and IMC growth observed in solder with 500 ppm Ni additive
[33].
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