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a b s t r a c t

In this study the authors present and discuss the results of the investigation on the fatigue fracture
behaviors in a series of as-soldered and thermal-aged copper/lead-free solder joints deformed under
both monotonic and cyclic loadings. The observation results showed that fatigue cracks generally initiate
around the IMC/solder interface when the loading axis is vertical to the interface. The intrinsic defor-
eywords:
ead-free solder
atigue fracture
nterface
train localization

mation behaviors are little different for different solder joints resulting from strain localization induced
by the stain mismatch. Fracture surface observations revealed the crack propagation path and fatigue
resistance of the solder joints to be affected by the yield strength and mechanical property of the solder.
When the copper/solder interface is parallel to the loading axis, the interfacial IMC layer failed approx-
imately perpendicular to the interface when the cumulative strain exceeded the fracture strain, then
the cracks propagated to the IMC/solder interface, leading to the fracture along the interface. The failure

influe
ertical cracks mechanisms and factors

. Introduction

Lead-rich solders have been widely used in electronics assembly
or many years. However, due to the toxicity of Pb, major industri-
lized countries have legislated to limit their application [1]. As a
esult of that, many lead-free alloys, mainly consisting of Sn with
mall additions of other elements such as Ag, Cu, Bi and Sb, have
een proposed as the candidates of the Sn–Pb solder [2,3]. Because
oldering in the microelectronics industry not only provides the
lectronic connection, but also ensures the mechanical reliability of
older joints under the complex service conditions, it has been rec-
gnized that one of the major concerns for the integrity of the solder
nterconnection is the adhesive property of the solder/substance
nterfaces [3]. In particular, with the trend that the solder joints
re expected to perform in more dynamic service environments
here the stress and strain distributions change with time, not

nly the tensile or shear properties but also the fatigue resistance
f the solder joints become of great significance for electronic reli-
bility [3,4]. Furthermore, the continuing miniaturization of solder
oints has set up higher standards for mechanical reliability of the
nterconnection.

In recent years, there have been many investigations concern-

ng the fatigue properties of the lead-free solders and solder joints
5–17]. However, the correlative data of that available in the litera-
ure are still limited and always from different resources, especially
or the solder joints. Besides, a comprehensive understanding on

∗ Corresponding author. Tel.: +86 24 23971043; fax: +86 24 23891320.
E-mail address: zhfzhang@imr.ac.cn (Z.F. Zhang).

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.10.040
ncing interfacial fatigue are discussed.
© 2009 Elsevier B.V. All rights reserved.

the fracture mechanism is also necessary, because the solder joints
in application always fail along the soldering interface. In addition,
there is a complex evolution of the solder/substrate interface when
the solder joints are in service, namely, the growth of interfacial
IMC layer and coarsening of the solder’s microstructure. Influence
of the evolution on the fatigue resistance and failure mechanism of
solder joints are also lack of attention.

In the present study, therefore, the authors have concentrated
their efforts to reveal the fatigue behaviors of a series of the
Cu/lead-free solder joints. Both the as-soldered and thermal-aged
interfaces were tested under different orientation of loadings, in
order to get a comprehensive understanding on the interfacial
fatigue failure mechanisms. Some reliable data of fatigue lives were
tested to make a quantitative comparison. The fracture behav-
iors of as-soldered and thermal-aged solder joints were compared
to investigate the influence of thermal aging on that. The lead-
free solders used were the SnAg, SnAgCu and SnBi alloys and
Cu was chosen as the substrate material. The SnAg and SnAgCu
alloy are the promising candidates for the traditional SnPb solder
because of their good soldering ability and excellent mechanical
properties [18,19], while the SnBi solder is used in low tem-
perature soldering due to its low melting point [20]. Fatigue
properties of the Cu/Sn–37Pb solder joints were investigated
as reference. The evolution of the microstructure and mechan-
ical properties of the Sn–4Ag and Sn–58Bi solder alloys during

aging process were also observed to make a full scale discus-
sion. Based on the experimental results and observations on the
interfacial deformation behaviors and fracture surfaces, the fail-
ure mechanisms and factors influencing the interfacial fatigue were
discussed.

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:zhfzhang@imr.ac.cn
dx.doi.org/10.1016/j.msea.2009.10.040
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ig. 1. Configuration of samples and experiments: (a) tensile samples of bulk solder
lloy; (b) fatigue samples with loadings vertical and (c) parallel to the Cu/solder
nterface.

. Experimental procedure

.1. Preparation of materials

The Cu substrate material used in this study was prepared from
xygen-free-high conductivity (OFHC) Cu of 99.999% purity by the
ridgman method in a horizontal furnace. The solder alloys cho-
en were Sn–4Ag (wt%), Sn3.8Ag0.7Cu (wt%) and Sn–58Bi (wt%)
older alloys, the Sn–37Pb solder was used as a reference. All the
older alloys were prepared by melting high purity (>99.99%) tin
nd Ag, Bi, Pb and Cu at 800 ◦C for 2 h in vacuum, the smelting pro-
ess was operated by a vacuum furnace with the maximum heating
emperature of 1600 ◦C.

.2. Tensile tests of bulk solders

To investigate the influence of thermal aging on the tensile prop-
rties of solders, the air-cooled Sn–58Bi and Sn–4Ag bulk solder
lloys were cut into standard tensile samples (see Fig. 1(a)), aged
t 120 and 180 ◦C for different times and the side-surfaces were
round with 2000# SiC abrasive paper. The tensile tests were per-
ormed with an Instron E1000 fatigue testing machine under a
train rate of 1.25 × 10−4 s−1 at 20 ◦C in air. Three samples were
ested at the same condition to get an average of strength.

.3. Fatigue tests with loading axis vertical to the interface

The Sn–4Ag, Sn–58Bi and Sn–37Pb solders were used for the
older joints. The joint was formed by reflow soldering and sand-
iched between two Cu plates. The surfaces of the Cu plates for
oldering were firstly polished with a diamond polishing agent,
hen a soldering paste was dispersed on the polished area and
solder alloy sheet was placed on the paste to ensure sufficient
etting reaction. The prepared samples were kept in an oven at
constant temperature for a few minutes and then cooled down

able 1
eflowing, aging temperatures and times of different solder joints.

Solder joints Reflowing temperature (◦C) Reflowing t

Sn–4Ag/Cu 260 5
Sn–37Pb/Cu 220 5
Sn3.8Ag0.7Cu/Cu 240 5
Sn–58Bi/Cu 200 3
gineering A 527 (2010) 1367–1376

in air. Some of the soldered samples were isothermally aged for
different times. The reflowing, aging temperatures and times are
listed in Table 1. After that, both the as-reflowed and aged sam-
ples were spark-cut into fatigue specimens, and the side-surfaces
were ground and carefully polished with 1 �m diamond powder
for microstructural observations of the Cu/solder interface. The
dimensions of the finished fatigue specimens are presented in
Fig. 1(b). The stress-controlled fatigue tests were carried out with
an Instron 8871 fatigue testing machines under a symmetrical sinu-
soid waveform (R = −1) with a frequency of 2 Hz. The fatigue lives of
samples were tested at different stress amplitudes and three sam-
ples were tested under the same conditions. The stress amplitude
was increased until the fatigue life decreased to about 103 cycles.
For some samples, cyclic deformation was interrupted at different
cycles, and then the interfacial deformation and cracking behaviors
were observed with a LEO super35 scanning electronic microscope
(SEM) to reveal the interfacial deformation behavior and fatigue
fracture mechanisms.

2.4. Fatigue tests with loading axis parallel to the interface

The samples were prepared by depositing a layer of solders on
the Cu single crystal. The solders used were the Sn3.8Ag0.7Cu and
Sn–58Bi solders. Some Cu blocks were spark-cut from the Cu single
crystal plate. By the X-ray Laue back-reflection method, the orienta-
tion of the specimen along the loading direction in the present study
was determined as [1̄ 6 8]. Before the reaction of molten solder with
Cu single crystal, the Cu surface was electro-polished carefully. The
next reacting process is similar to the process mentioned in Section
2.3. The reflowing, aging temperatures and times are also listed in
Table 1. Then the Cu blocks were cut into standard samples with
a thickness of 3 mm. The configuration of the final testing sample
is presented in Fig. 1(c). Before fatigue tests, the side-surfaces of
specimens were carefully polished for interfacial microstructure
observations. The push–pull strain-controlled fatigue tests were
performed on a Shimadzu servo-hydraulic fatigue testing machine
at a constant axial plastic strain amplitude of 10−3 at 20 ◦C in air.
Cyclic deformation was also interrupted at different cycles, for the
observations of the interfacial deformation and cracking behaviors
to reveal the fracture mechanisms.

3. Results and discussion

3.1. Evolution of interfacial morphology and mechanical
properties of solders

The evolution of the interfacial morphologies of the Sn–4Ag/Cu
and Sn–58Bi/Cu interfaces during aging process is shown Fig. 2. For
the as-soldered SnAg/Cu interface, a layer with scallop-like mor-
phology was formed along the interface, as shown in Fig. 2(a). EDX
analysis indicates that the layer is the Cu6Sn5 intermetallic com-
pound. It was also found that the microstructure of the Sn–4Ag

solder is composed of Sn matrix and Ag3Sn “particles”, the particles
are in fact needle-like Ag3Sn grains [21]. After aged at 180 ◦C for 4
days, the IMC layer increased and the IMC/solder interface became
evidently flat (see Fig. 2(b)). Meanwhile, the IMC layer changed into
a duplex layer, and the new interfacial IMC phase was identified to

ime (min) Aging temperature (◦C) Aging time (day)

180 4, 16
160 7
170 7
120 4, 7, 9
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ig. 2. Interfacial microstructure of the SnAg/Cu solder joints: (a) as-soldered, (b) a
and (f) 9 days.

e Cu3Sn. For the samples aged for 16 days, the IMC layer mor-
hology changed little, as in Fig. 2(c), only the thickness doubled.
ompared the microstructure of the as-reflowed and aged solder, a
oarsening trend of the needle-like Ag3Sn particles was observed,
hich can in turn affect the mechanical properties of the solder

lloy [22]. The morphology of the as-soldered SnBi/Cu interface
s exhibited in Fig. 2(d). An interfacial IMC layer, confirmed to be
u6Sn5 phase by EDS analysis, was observed between the Cu sub-
trate and the SnBi solder. After aged at 120 ◦C for 4 days, the IMC
ayer became evidently thick, and a very thin Cu3Sn layer appeared
etween the Cu substrate and the Cu6Sn5 (see Fig. 2(e)). Moreover,
oticeable coarsening of the Sn–Bi eutectic microstructure was also
bserved, which may in turn affect the mechanical properties of
older. The interfacial morphology of the sample aged for 9 days
s shown in Fig. 2(f). It is obvious that the IMC thickness increased

bit, while the alteration of the interfacial morphology and the
icrostructure of solder are little. In addition, some discontinuous

i particles (the bright spots) were observed at these long-term
ged IMC/Cu interfaces. That will induce an embrittlement of the
nterface [23]. However, the difference in microstructures of the
ged solder alloy is not significant, indicating that the coarsening
f solder alloy may occur only at the early stage of aging.

As the microstructure of the solder coarsening during the aging
rocess, it is necessary to investigate its influence on the mechani-
al properties of the solders. Evolution on tensile strength of the

n–4Ag and Sn–58Bi solder alloys during the aging process are
hown in Fig. 3. It is obvious that the Sn–58Bi solder has much
igher yield strength than the Sn–4Ag solder at the current strain
ate. Moreover, though there is obvious coarsening on microstruc-
ure of the solders, the decrease in tensile strength is slight and

able 2
echanical properties of solder alloys.

Solder alloys Elastic modulus (GPa) Reference UTS (MPa)

Sn–3.5Ag 50
[24]

55 at 0.022 strain
Processing
37 at 0.000033 st
Processing
20 at 0.00015 stra
Aged 25 ◦C

Sn–37Pb 39, 30.5 19 at 20 ◦C
Sn–58Bi 42 45–80
Fig. 3. Evolution of tensile strength of the Sn–4Ag and Sn–58Bi solder alloy during
aging process.

becomes steady at the later aging process. That is consistent with
the observation results on microstructure of solder alloys and some
reports before [22]. The data available in literature for mechani-
cal properties of the SnAg, SnBi and SnPb solders are summarized

in Table 2 for Refs. [24–28]. As the mechanical properties of the
solder alloys are affected by the microstructure, strain rate and test-
ing temperature [18,29], the data from various sources are a little
bit different. In general, it is recognized that the SnAg and SnAgCu

Reference Percent elongation (%) Reference

rate, cast

[24] 35 [25]
rain rate, cast

in rate, cast

[26] 35–176 [27]
[28] 40–200 [28]
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Fig. 4. S–N relationship of SnBi/C

olders have good ductility, but their UTS is a little bit low at low
train rate; while the SnBi solder has high UTS, good ductility at
ow strain rate, but displays quite brittle feature at high strain rate
24–29].

It has been acknowledged that the tensile property of the
n–based solder is substantially influenced by the strain rate, the
elationship between the tensile strength of solder and the strain
ate can be expressed by a power-type equation [29,30]:

= Cε̇m (1)

here � is the tensile strength, ε̇ is the strain rate, m is the strain
ate sensitivity and C is a constant. In the fatigue tests, the strain
ate is very high. Therefore, the solder will exhibit higher strength
uring the fatigue test. In this study, the solders in the joints only
howed a little plastic deformation at some special location during
he fatigue test though the stress amplitude was around the range
f 30–50 MPa, which will be referred later in this paper.

.2. Fatigue damage behavior of Cu/solder interfaces vertical to
oading

.2.1. S–N relationship of solder joints
Fig. 4 shows the relationship between the stress amplitude and
atigue life of the as-soldered and aged Sn–4Ag/Cu, Sn–58Bi/Cu
nd Sn–37Pb/Cu solder joints, all the three figures have the same
oordinates to make an intuitionistic comparison in fatigue lives.
n general, it is found that both the SnBi/Cu and SnAg/Cu solder
oints have a slight higher fatigue resistance than the SnPb/Cu
b/Cu and SnAg/Cu solder joints.

solder joints, and the fatigue lives decrease after aging for a few
days. However, the evolution of fatigue lives with increasing stress
amplitude is a bit complex and different for different solder joints.
The fatigue damage mechanisms will be discussed later in this
paper in combined with the interfacial deformation behavior and
fracture surfaces.

For the as-soldered Sn–4Ag/Cu solder joints, the fatigue lives
display an approximately exponential increase with decreasing
stress amplitude at low stress amplitude, while there is a nearly
upright ascent in fatigue lives when the stress amplitude is around
40–45 MPa. Five samples were tested at 45 MPa to confirm such
phenomenon. In fact, similar phenomena have been also observed
for the lead-rich solder under isothermal fatigue loadings [31]. It
was also reported that there is a transition in crack propagation
mechanism when the strain is up to a critical value for the Sn3.5Ag
solder [8]. Because the yield strength of Sn–4Ag solder is about
40–50 MPa at the current strain rate [18,24], that may be caused by
yielding of the solder. The solder joints aged for 4 days exhibit a sim-
ilar S–N curve, but have a lower turning point, due to the decrease
in the yield strength of solder. The solder joints aged for 16 days
never show such phenomenon because the applied stress ampli-
tudes on them were lower than the yield strength of solder. The
S–N curves of the SnPb/Cu solder joints are very similar to that of

the SnAg/Cu joints, only a bit lower in fatigue lives.

For both the as-soldered and aged SnBi/Cu solder joints, the
fatigue life also displays an approximately exponential increase
with decreasing stress amplitude. It has been reported that the
SnBi/Cu solder joints have low fatigue resistance because of the
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ig. 5. Interfacial deformation behavior and fatigue fracture morphologies of the Sn
ays, �a = 35 MPa, N = 104; (c) aged for 16 days, �a = 30 MPa, N = 104; (d) fatigue frac

nferior ductility of the SnBi solder [20], whereas, the results in
his study show that they have comparable fatigue resistance than
he SnAg/Cu solder joints at the same stress amplitude. Though
he solders have poor ductility, the higher tensile strength of
he SnBi/Cu solder joints conceals that shortage to some extent
t low stress amplitude, making their fatigue resistivity compa-
able with the SnAg/Cu solder joints. Even so, as the SnBi/Cu
older joints have much higher fracture strength than the SnAg/Cu
oints, they do have poor fatigue resistance at the same stress
atio (�a/�f). The SnBi/Cu solder joints did not exhibit an upright
scent phenomenon because the applied stress amplitude is far

elow the yield strength of the solder and the curves may never
each the turning point. In addition, the decrease in fatigue life
f the SnBi/Cu solder joints after aging is much obvious. After
ging for 9 days, the SnBi/Cu solder joints exhibited a totally brittle
eature.

ig. 6. Fatigue cracks initiation behavior and fracture morphology of Sn–58Bi/Cu inter
a = 35 MPa, N = 2 × 104; (c) side-surface of samples aged for 9 days; (d) macroscopic fatig
ged for 7 days; (f) fracture surface of sample aged for 9 days.
Cu solder joints: (a) as-soldered sample, �a = 35 MPa, N = 104; (b) sample aged for 4
urface; (e) microstructure of crack propagation region and (f) final fracture region.

3.2.2. Fatigue fracture behaviors of solder joints
The fatigue deformation behaviors and fracture surfaces of the

Sn–4Ag/Cu solder joints are shown in Fig. 5. As the solder joints
deformed at different stress amplitude exhibited similar fracture
behavior, one sample is chosen as example for each aging time.
Fig. 5(a) shows the interfacial morphology of an as-soldered sample
deformed at the stress amplitude of 35 MPa for 104 cycles, in which
the deformation of the solder close to the IMC/solder interface is
serious and microcracks were observed at the interface. The sam-
ple aged for 4 days and deformed for 104 cycles at 35 MPa is shown
in Fig. 5(b); it was found that the interfacial deformation and crack
initiation behavior of the solder joints changed little after aging for

4 days. Fig. 5(c) shows the deformation morphology of the sample
aged for 16 days and deformed for 104 cycles at 30 MPa. Though
the IMC layer was much thicker and there was certain coarsening
of the solder, it is notable that the deformation behavior changed

faces: (a) as-soldered sample, �a = 50 MPa, N = 5000; (b) sample aged for 7 days,
ue fracture surface and (e) microstructure of crack propagation region of samples



1372 Q.K. Zhang et al. / Materials Science and Engineering A 527 (2010) 1367–1376

F u inte
m ; (d) fr
i

l
I
h
S
i
h
A
t
t
V
a
t
l
a
d
o
t
S
l
p
g
r
s
[
r
p
s
a
b
l
a
r
o
s

t
p
a
i
s
a

ig. 7. Fatigue cracks initiation behavior and fracture morphology of Sn–37Pb/C
orphology at the edge of as-soldered sample; (c) aged sample, �a = 35 MPa, N = 104

mage of fracture surface.

ittle and microcracks still initiated along the IMC/solder interface.
n addition, though there are intrusions and extrusions of solder,
owever, they do not evolve into primary fatigue cracks. For all the
nAg/Cu solder joints, the fractures are very similar. Based on that,
t can be concluded that the solder joints aged for different times
ave similar deformation behavior and crack initiation mechanism.
s the solder joints are far from being a homogeneous structure,

he deformation of solder is not homogeneous and the solder close
o the interface deforms much severe. In fact, the simulation of
on Mises stress distribution inside the solder joint had shown
singular phenomenon at the solder interface, which is due to

he strain mismatch among the Cu substrate solder alloy and IMC
ayer [32]. Typical fatigue fracture surface consists of two regions,
s shown in Fig. 5(d). The first region is rough and covered by some
eformed solder, a trace of crack propagation can still be observed
n microscale (see Fig. 5(e)) though the SnAg solder has good duc-
ility. Investigation on fatigue crack propagation behavior of the
nAg solder has confirmed that cracks propagated in a transgranu-
ar manner at high strain [7]. According to the morphology of crack
ropagation region, it can be concluded that the crack also propa-
ated in a transgranular manner for the solder joints. The second
egion is flat and covered by the cracked IMCs (see Fig. 5(f)), which is
imilar to the fracture surface of the solder joints at high strain rate
33]. Therefore, it is reasonable to consider that it is the final fracture
egion. Based on the observation results above, the fatigue fracture
rocesses can be predicated as follows: under cyclic loadings, the
olders close to the Cu6Sn5/solder interface deforms severely on
ccount of the stress concentration. With increasing cyclic num-
er, microcracks appear at the solder/IMC interface, link to form

ong cracks and propagate inside the solder close to the interface in
transgranular manner. The effective loading area reduces and the

eal stress applied on the solder joints increases with propagation
f fatigue cracks. When the real stress approaches to the fracture
trength of the solder joints, final brittle fracture occurs.

Fig. 6 shows the deformation behavior and fracture surfaces of
he Sn–58Bi/Cu solder joints, also one sample is chosen as exam-

le for each aging condition. The interfacial morphology of the
s-soldered sample deformed at 50 MPa for 5000 cycles is shown
n Fig. 6(a), in which long fatigue crack was observed along the
older/IMC interface. Due to the high yield strength of the SnBi
lloy, the deformation of the solder close to the solder/IMC inter-
rfaces: side-surface of (a) as-soldered sample, �a = 45 MPa, N = 7000; (b) fracture
acture morphology at the edge of aged sample; (e) macroscopic and (f) microscopic

face is quite slight. Fig. 6(b) shows the interfacial morphology of
the sample aged for 7 days and deformed at 35 MPa for 2 × 104

cycles. Though the coarsening of the solder was obvious and the
interfacial IMC layer was much thicker, fatigue crack still initiated
exactly along the solder/IMC interface. However, the solder joints
aged for over 9 days fractured along the IMC/Cu interface at very low
stress amplitude, as shown in Fig. 6(c), accompanying with a sharp
decrease in fatigue life. The essential transition in fracture mecha-
nism of the long-term aged SnBi/Cu solder joints is induced by the
interfacial Bi segregation [23]. Fig. 6(d) shows the typical fatigue
fracture surface of the SnBi/Cu solder joints prior to the occurrence
of brittle fracture, which is also composed of two regions. The first
region is covered by some perfect Cu6Sn5 grains, with little residual
solders, as shown in Fig. 6(e). In contrast, the microscopic mor-
phology of the second region is covered by a thin layer of cracked
solder, the same as the tensile fracture surfaces of the solder joints
[34], thus it is considered to be the final fracture region and the
former one is the crack propagation region. It can be therefore con-
cluded that for the SnBi/Cu solder joints, the fatigue cracks initiate
and propagate along the solder/Cu6Sn5 interface and finally frac-
ture inside the solder close to the interface. The fracture surface of
the long-term aged sample is mainly the exposed Cu, with a lit-
tle cracked solder remnants (see Fig. 6(f)), which is consistent well
with the side-surface observation results.

The fatigue damage behavior of the Sn–37Pb/Cu solder joints is
shown in Fig. 7. Fig. 7(a) shows the interfacial morphology of an
as-soldered sample deformed at 45 MPa for 7000 cycles, it can be
found that crack initiated inside the solder close to the solder/IMC
interface. The edge of the fracture surface of the as-soldered sam-
ple is covered by deformed solder, as in Fig. 7(b), indicating that
cracks propagate into the solder near the solder/IMC interface once
it forms. Similar to the SnAg/Cu solder joints, the crack initiation
mechanism should be also induced by the strain localization, but
become easier as the Sn–37Pb solder has low yield strength and
superior ductility. After aging for 7 days, there is little change in
fatigue failure mechanism. According to Fig. 7(c) and (d), crack still

initiates and propagates inside the solder, but seems to be more
close to the solder/IMC interface, because IMC grains were observed
at the edge of fracture surface. It is therefore concluded that the
crack initiation behavior of the SnPb/Cu solder joints is similar to
that of the SnAg/Cu joints in general. However, the fatigue fracture
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urfaces are a bit different. As shown in Fig. 7(e), the macroscopic
iew of the fracture surface of the SnPb/Cu interface is rough and
racture step is observed, indicating that the fatigue cracks prop-
gate into the solder along a special angle during the propagate
rocess. The final fracture is a step fracture. The crack propagation
egion extends from the edge of the sample to the fracture stage.
ig. 7(f) shows the microscopic view of the interface of the two
egions; it appears that the crack propagation region is covered by
thin layer of deformed solder, while dimples were observed at

he final fracture region. It is therefore predicated that the fatigue
racks propagate inside the solder and the final fracture occurs
nside the solder in a dimple mode due to its superior ductility
26,27].

.2.3. Fatigue fracture mechanisms and influencing factors of
atigue resistance

The fatigue fracture processes of different Cu/solder interfaces
ertical to the loadings are summarized in Fig. 8. For a typical fatigue
racture, the fatigue fracture processes consist of the crack initia-
ion and propagation stages. According to the foreside discussion,
or all the solder joints, microcracks initiate around the solder/IMC
nterface on account of the strain localization. The deformation

ismatch between solder and the interfacial IMC layer is the essen-
ial reason of fatigue crack initiation. However, the propagation
aths are a little bit different, affected by the mechanical prop-
rties of solder, as illustrated in Fig. 8(a)–(c). For the Sn–4Ag and
n–37Pb solder joints, crack propagates inside the solder close
o the solder/IMC interface, while fatigue cracks of the SnBi/Cu

oints propagate exactly along the interface before the interfacial
mbrittlement occurs. During crack propagation process, the effec-
ive loading area reduces and the real applied stress of the solder
oints increases with increasing cyclic number, when the real stress
pproaches to the fracture strength of solder joints, final fracture

ig. 8. Illustration of the fatigue fracture mechanisms of Cu/solder joints under loadings v
rack propagation paths.
gineering A 527 (2010) 1367–1376 1373

occurs. The final fracture modes are similar to the solder joints frac-
ture at high strain rate, affected by the mechanical properties of
solder and the interfacial IMC.

Based on the discussion on fatigue fracture processes above, the
influencing factors of the fatigue resistance at the two stages are
predicted. It is widely accepted that high ductility enhances the
low-cycle fatigue resistance of a material [35], but the ductility is
not the only influencing factor on fatigue resistance. For a typical
fatigue fracture, the fatigue life (Nf) consists of the crack initiation
(Ni) and propagation cycles (Np). For the solder joints, as the crack
initiation process is induced by local plastic deformation of solder,
the initiation cycles (Ni) are affected by the yield strength of solder.
With higher yield strength, the solder is too rigid to deform and
microcracks are difficult to initiate, thus the SnBi/Cu solder joints
should have higher Ni than the SnAg/Cu and SnPb/Cu solder joints
at low stress amplitude. For the SnAg/Cu and SnPb/Cu solder joints,
crack propagates inside the solder; a plastic deformation region was
formed at the tip of crack. Therefore, the deformation energy of the
solder alloy, as the resistance to crack propagation, is the domina-
tive factor to the crack propagation cycles. As the SnAg solder has
higher fatigue resistance than the SnPb solder [36], accordingly,
the SnAg/Cu solder joints have higher Np than the SnPb/Cu joints.
Though the SnBi solder also has good ductility [28], it shows lit-
tle plastic strain at the low stress amplitude. Observation on the
fracture surface of the SnBi/Cu joints has proved that the fatigue
crack propagated along the solder/IMC interface. Because the plas-
tic deformation of the SnBi solder near the interface is slight and the
IMC cannot exhibit any plastic deformation, the resistance to crack

propagation is low. Therefore, the SnBi/Cu joint sample should have
high propagation rate and low propagation cycles. Fig. 8 also gives a
simple description on the fracture process of the three solder joints
and makes a comparison on their crack initiation, propagation rate
and fracture strength. The x-axis is the fatigue cycles and the y-axis

ertical to the interface and dominative factors of fatigue resistance: (a)–(c) fatigue



1374 Q.K. Zhang et al. / Materials Science and Engineering A 527 (2010) 1367–1376

F er a
d ed for

i
t
a
p
l
t
a
S
k
i
t
t
l
o
i
i
o
c
y
t
a
t
p

3
l

3

c
s
w
F
(
s
p
a
I
f
F
b

ig. 9. Fatigue damage behavior of Sn3.8Ag0.7Cu/Cu single crystal interfaces und
eformed for (a) 650 cycles, (b) 3000 cycles and (c) 4000 cycles; and the sample ag

s the real stress, the three lines represent the real stress of the
hree different solder joints. The real stress increases from the stress
mplitude to the fracture strength during the crack initiation and
ropagation process. As in the figure, the SnPb/Cu joints have the

owest fracture strength and fatigue life at the same stress ampli-
ude. The SnBi/Cu solder joints have the highest fracture strength
nd Ni, but low Np, because of their high crack propagate rate. The
nAg/Cu joints have a balance distribution of Ni and Np. It is well
nown that the fracture strength of solder joints is affected by the
nterfacial microstructure [30–34]. From Fig. 8 it is obvious that
he propagation cycles also depend on the fracture strength, thus
he interfacial structure and the IMC layer can affect the fatigue
ife by dominating the fracture strength [16]. In addition, for all
f the three solder joints, the IMC thickness keep increasing with
ncreasing aging time, but the IMC layer never fractures the crack
nitiation process, thus the IMC thickness may have little influence
n crack initiation mechanism. Besides, though there is obvious
oarsening of the solders during the aging process, the decrease in
ield strength of them is very slight. Because the stress localiza-
ion is induced by the deformation mismatch between the solder
nd IMC layer, the coarsening does not induce an essential transi-
ion on crack initiation mechanism though it may affect the crack
ropagation rate a little.

.3. Fatigue crack behavior of Cu/solder interfaces parallel to
oading

.3.1. Sn3.8Ag0.7Cu/Cu single crystal interface
Fig. 9 shows the damage behavior of the SnAgCu/Cu single

rystal interface parallel to the cyclic loading. For the as-soldered
ample deformed for 650 cycles, some persistent slip bands (PSBs)
ere observed at the surface of the Cu single crystal, as shown in

ig. 9(a). After 2000 cycles, the PSBs became wider and thicker
Fig. 9(b)), indicating that the plastic deformation of the Cu sub-
trate increased with increasing cyclic number. In addition, the
lastic deformation of the solder close to the interface is obvious

nd some microcracks initiated inside the scallop-like interfacial
MC layer. After 4000 cycles, the microcracks linked up and induced
racture between the solder and the Cu substrate, as shown in
ig. 9(c). The fatigue damage behavior of the aged samples is a little
it different from the as-soldered one. Fig. 9(d) shows the inter-
plastic strain amplitude of 10−3: interfacial morphology the as-reflowed sample
7 days deformed for (d) 200 cycles, (e) 2000 cycles and (f) 3000 cycles.

facial morphology of a sample aged for 7 days and deformed for
200 cycles, it is found that the IMC layer had cracked perpendicular
to the interface though the plastic deformation of solder was lit-
tle, because the IMC layer became thick and brittle after aging [32].
After deformed for 2000 cycles, the plastic deformation of both the
solder and the Cu substrate increased, and there is a long crack along
the solder/IMC interface, as shown in Fig. 9(e). After 3000 cycles,
the solder and the Cu substrate had completely broken away (see
Fig. 9(f)). According to the observations above, it is predicated that
during cyclic deformation, the cracks firstly nucleated perpendic-
ular to the interfacial IMC layer and formed some microcracks, and
then the cracks propagated into the IMC/solder interface, link to
each other, resulting in the fracture along the solder/IMC interface.
For the as-soldered interface, the vertical cracks are not obvious,
thus it appears that the vertical cracks and the interfacial cracks
initiate synchronously.

3.3.2. Sn–58Bi/Cu single crystal interface
The deformation and fracture behaviors of the as-soldered and

aged Sn–58Bi/Cu interfaces at a constant axial plastic strain ampli-
tude of 10−3 are exhibited in Fig. 10. Fig. 10(a) shows the interfacial
morphology of an as-soldered sample deformed for 3000 cycles.
Because of the high yield strength of the SnBi solder, the plastic
deformation of the solder was very little. Some microcracks were
observed at the solder/IMC interface, but there was no crack of the
interfacial IMC layer because the as-soldered sample is rigid. Com-
paring Fig. 10(a) with Fig. 9(b), it seems that the SnBi/Cu interface
has higher fatigue resistance than the SnAgCu/Cu interface in this
case. Fig. 10(b) shows the interfacial morphology of the sample aged
for 4 days and deformed for 2000 cycles, in which the plastic defor-
mation of the solder is very little but there had been some cracks
of the IMC layer. After 6000 cycles, the cracks had evolved into
fracture along the solder/IMC interface, while the plastic deforma-
tion of the solder is still very little (see Fig. 10(c)). For the long-term
aged SnBi/Cu solder joints, there is also an essential transition in the
fracture mechanism. As in Fig. 10(d), the SnBi/Cu interface aged for

9 days fractured along the IMC/Cu interface after only 300 cycles,
which is similar to that shown in Fig. 6(c) and was also induced by
the interfacial Bi segregation [14,23]. As the Bi segregation prob-
lem during aging process has become a fatal drawback for the wide
application of the Bi-contained solder, studies in attempt to heal or
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ig. 10. Fatigue damage behavior of Sn–58Bi/Cu single crystal interfaces under plas
days deformed for (b) 2000 cycles and (c) 6000 cycles; and (d) aged for 9 days def

lleviate the interfacial Bi segregation under both monotonic and
yclic loadings are in trial [34].

.3.3. Fatigue cracking mechanism of Cu/solder interface parallel
o loading

Based on the observations and discussions before, the fatigue
racking mechanisms of Cu/solder interface parallel to loading are
oncluded as follows: under constant axial plastic strain amplitude,
he Cu substrate, IMC layer and the solder deform synchronously,
heir total strains keep increasing with cyclic number. Normally
he IMC layer can not exhibit any plastic deformation because it
s very brittle, when the cumulative plastic strain exceeds to the
aximum elastic strain of the IMC layer, it will fracture and some
ertical cracks were easily formed with respect to the interface, as
llustrated in Fig. 11. With increasing cyclic number, the vertical
racks enlarge, propagate to the IMC/solder interface and link up
nto a single stretch, resulting in a fracture along the IMC/solder

ig. 11. Fatigue fracture mechanism and damage process of Cu/solder interface
nder parallel loading.
ain amplitude of 10−3: (a) as-reflowed sample, deformed for 3000 cycles; aged for
for 300 cycles.

interface (see Fig. 11). As the plastic deformation of the solder is
driven by the Cu substrate, the interfacial fracture will decrease
the deformation-delivery ability and result in a further fracture. It
is noticed that some cracks of the interfacial IMC layer correspond
to the outcrop of the PSBs [17], thus the PSBs may be a secondary
inducement of the cracking of IMCs. According to the fracture pro-
cesses above, it can be predicated that the cracking behavior of the
IMC layer is mainly influenced by its brittle feature, and the thick-
ness. It is also the decisive factor on the fatigue resistance of the
solder interfaces in this case. In addition, though the deformation
of the solder near the interface was serious, it has little influence on
crack initiation mechanism. Moreover, the mechanical properties
and microstructure of the solder have little effect on crack imitation
process under this condition. The IMC layer becomes thicker and
much brittle during aging process, making the fatigue resistance
decrease with increasing aging time.

4. Conclusions

Fatigue fracture behaviors of the as-soldered and aged Cu/lead-
free solder joints under monotonic and cyclic loadings were
systematically investigated and compared in this study. Based on
the experimental results, the following conclusion can be drawn:

(1) Under vertical loading, there is certain strain localization at
the solder/Cu interface due to the deformation incompatibil-
ity, microcrack always initiates along the solder/Cu interface,
while the propagation path depends on the ductility of the
solder. Cracks propagate inside the solder close to the inter-
face in the SnAg/Cu and SnPb/Cu solder joints but along the
solder/Cu interface for the SnBi/Cu solder joints. The mechan-
ical properties of solder play important roles in the fatigue

lives by influencing the crack initiation mechanism, while the
interfacial microstructure determines the propagation cycles
by dominating the fracture strength of solder joints.

(2) When the loading direction is parallel to the interfaces, the
plastic deformation of the Cu substrate, solder and IMC layer
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increase synchronously with increasing cyclic number, the local
IMC layer fractures perpendicular to the IMC/Cu interface firstly
when the cumulative strain exceeds its fracture strain. Then
the cracks propagate into the solder/IMC interface, link up
and induce fracture along the interface. The fracture strength
(strain) of the interfacial IMC layer is the dominating factor of
fatigue resistance in this case, while the mechanical properties
of solders have little influence.
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