
www.elsevier.com/locate/actamat

Acta Materialia 55 (2007) 3253–3260
Measurement of deformations in SnAgCu solder interconnects
under in situ thermal loading
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Abstract

Optical microscopy was used to discern the different grain orientations and grain boundaries on the polished cross-sections of near-
eutectic lead-free board-level SnAgCu (SAC) solder interconnects. Strain distributions with submicron accuracy of the deformations on
the cross-sections of the solder interconnects were measured when the package was subjected to thermal loading from room temperature
to 100 �C. The results were correlated with the locations of different grains, grain boundaries and larger primary intermetallics. It
revealed anisotropic nature of deformations in different grains of the SAC solder, which is similar to the thermomechanical behavior
of pure Sn. The strain distribution in a solder interconnect varied significantly in different grain orientations. The primary intermetallics
(Ag3Sn plates) also behaved very differently from the surrounding Sn matrix under the thermal loading. The demonstrated strain local-
ization along the grain boundaries and bigger primary intermetallics provides a clue for the path of fatigue crack growth that leads to a
failure because of anisotropic thermomechanical response of SAC solder during thermal cycling.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that tin (Sn) exhibits anisotropy in ther-
momechanical behaviors [1–5]. Accordingly, the primarily
Sn-based, near-eutectic SnAgCu (SAC) interconnects,
which typically possess a few grains, have similar aniso-
tropic properties [6–8] in board-level ball grid array
(BGA) interconnects. It is reported that SAC solders do
not fail in the same way as the Pb–Sn interconnects. A bet-
ter understanding of the failure mechanisms of such solder
interconnects is required for the construction of more real-
istic Pb-free solder reliability models.

The linear coefficient of thermal expansion (CTE) of
body-centered tetragonal b-tin along the [001] axis (c-axis)
is reported to be about twice that along the [100] (a-axis)
and [01 0] axes (b-axis). Similarly, the Young’s modulus
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along the c-axis is about three times larger than that along
the a- and b-axes [3,4]. Sn grains are very often twinned,
with twinning angles near 60� around the [010] axis. This
implies that the orientations of these grains in a multi-grain
solder interconnect may be highly correlated [8,9]. In SAC
solder interconnects, this large-grained Sn matrix contains
Cu6Sn5 and Ag3Sn intermetallic precipitates, whose size
depends on solder composition and reflow conditions.
The inherent large anisotropies in the thermomechanical
properties of Sn and the differences in the mechanical prop-
erties of Sn and intermetallic precipitates in a SAC solder
joint lead to a failure mechanism quite different from that
of a Pb–Sn joint.

On the other hand, because of a higher percentage of
softer Pb phase in Pb–Sn solder alloy, it is more compliant
to deformations, and its response to thermomechanical
loading can be assumed to be homogeneous and isotropic.
Several studies have demonstrated that the failure of a SAC
solder interconnect is governed not only by its location in
rights reserved.
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terms of the distance from the neutral point (DNP) of an
assembly but also by the orientation and number of grains
[1–4] in the interconnect. In thermal cycling experiments,
the fatigue cracks have been observed propagating along
the Sn grain boundaries, solder–pad interfaces and also
along the Sn/primary intermetallics interfaces [2,3,10].

To characterize the thermomechanical response and,
hence, the failure mechanism of SAC solder interconnects,
it is vital to understand the interaction between the grains
of different orientations when the interconnect is thermo-
mechanically stressed, and also the role of larger primary
intermetallics in the failure of such interconnects.

This study employs an innovative combination of opti-
cal tools to examine the microstructure and strain distri-
bution in the Pb-free SAC solder interconnects. Bright-
field (BF) and cross-polarizer (XP) imaging techniques
of optical microscopy have been used to discern the differ-
ent grains in the cross-sections. Digital image correlation
(DIC) [11–13] has been used to quantify deformation
and strain, resulting from a thermal loading, on the solder
interconnects. These measured strains are correlated with
Sn grains, grain boundaries and larger intermetallic pre-
cipitates to study the role of different grain orientations
Fig. 1. Schematic of the test sample and experimental set-up. (a) BF and XP i
test sample. (c) Set-up showing heating of the PCB side of the test sample on
and larger primary intermetallics in the failure
mechanism.

2. Experiment

2.1. Sample preparation and set-up

A flip-chip plastic ball grid array (PBGA) package in a
20 · 20 ball grid array (BGA) (CASTIN alloy: Sn–2.5Ag–
0.8Cu–0.5Sb) and a flip-chip ceramic ball grid array
(CBGA) package in a 25 · 25 BGA (Sn–3.8Ag–0.7Cu) of
lead-free board-level interconnects in 1.27 mm pitch were
sectioned to produce strips with four rows of solder inter-
connects. The first row in each strip of solder interconnects
was manually ground and polished flat without mounting
on an epoxy. The final surface, which consisted of fine Sn
dendrites decorated with intermetallic precipitates, pro-
vided a random variation of grayscale in the BF images
of the cross-section, which is an important requirement
of DIC. Sample preparation and DIC technique are dis-
cussed in detail in Ref. [2]. The schematic of a cross-sec-
tioned test sample with the numbering of solder
interconnects is shown in Fig. 1b. For in situ testing,
mages of the cross-section of a solder interconnect. (b) A schematic of the
the microscope stage.
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Minco� foil heaters were mounted on the PCB side of the
cross-sectioned assembly to maximize the thermal expan-
sion mismatch between the PCB and the package. It is
noted that the resultant thermal expansion is a product
of an effective CTE and the temperature change in the
region. In this case, the package, which is composed of
an organic substrate and glass (the PBGA package) or a
ceramic substrate (the CBGA package) above the solder
interconnects, has a lower effective CTE compared with
that of PCB while the temperature change in the package
during thermal cycling is lower than that in the PCB.

2.2. Procedure

The assembly with foil heaters was placed on the optical
microscope before the heaters were turned on. BF digital
images of the interconnects were captured at room temper-
ature in various magnifications as the reference images for
DIC. Also, the images were taken under an XP to discern
different grains [2]. The foil heaters were powered with a
DC current from a power supply. The current was varied
until the thermocouple attached on the PCB side of the
assembly showed a steady-state temperature readout of
100 �C (at 0.3 A). After a dwell time of 10 min at 100 �C,
Fig. 2. (a, b) XP image; (c, d) X-displacement; and (e, f) Y-displacement contou
and interconnect #3 (multi-grain, right) in situ. The PCB side of the sample w
the final sets of images were captured at the same magnifi-
cations. The two BF (converted to grayscale) images taken
at room temperature and at 100 �C were used for DIC to
quantify deformations and strains on the solder intercon-
nect due to the thermal loading. The measured deforma-
tions and strains were then correlated with the grain
distribution (or formation) as obtained from the XP
images.

3. Results and analysis

The deformation and strain distribution at different
locations of cross-sectioned interconnects have been exam-
ined. The images under the XP revealed that the majority
of solder interconnects are multiple grained while a few
appear to be single grained. Solder interconnects #1 and
#3 (Fig. 2a and b) of the PBGA package appeared to be
single and multiple grained, respectively, on the cross-sec-
tioned plane.

When the foil heaters were powered, thermomechanical
stresses were imposed upon the solder interconnects. These
stresses are the result of the thermal expansion mismatch of
the package and the PCB, the thermomechanical properties
of intermetallics and the anisotropy in thermomechanical
r plots as obtained from DIC for PBGA interconnect #1 (single grain, left)
as heated from room temperature to 100 �C.
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properties of different grains. Although there was a temper-
ature gradient between the package and the PCB, it is rea-
sonable to assume a uniform temperature within a solder
interconnect considering the high thermal conductivity of
the solder material.

Unlike solder interconnect #1, most of the other solder
joints show a formation of multiple grains in the cross-sec-
tion. Fig. 2b shows a 100· magnified XP image of the
multi-grained solder interconnect #3, where the different
grain orientations are shown by different colors. It should
be noted that the same color indicates the same grain ori-
entations. The pattern of grain distribution in Fig. 2b
shows a good example of cyclic twinning around the
[010] axis. This phenomenon was reported previously by
Lehman et al. [7]. These solder interconnects comprise mul-
tiple grains, but with highly correlated orientations. Each
twin segment (grain) is rotated 60� with respect to its neigh-
bor. All the twin segments share a common [010] twin
rotation axis. For a homogeneous and free-standing sphere
heated to a uniform temperature, there will be no mechan-
ical stresses built up. However, for a multi-grained sphere
like the one in Fig. 2b (also known as Kara’s beach ball),
a temperature loading by itself generates mechanical stres-
ses along the grain boundaries due to the anisotropy of dif-
ferently orientated grains.

The deformation of solder interconnects under a ther-
mal loading was quantified by DIC. Fig. 2c and e shows
the uniform X (horizontal) and Y (vertical) displacement
contours on the single-grained interconnect #1 when the
PCB side of the package was heated to 100 �C. At the
steady-state, the solder temperature was about 65 �C,
which resulted in a temperature difference (DT) of 40 �C.
The X- and Y-directional displacement contours shown in
Fig. 2 are a result of free thermal expansion associated with
this DT and the mechanical restraints on the joints. When
the material is homogeneous, it is natural to expect uni-
form distribution of deformation under a certain global
loading. The measured deformation contours of the sin-
gle-grained interconnect #1 are quite uniform, as expected.
There are some variations near the solder–pad interface
area and these can be attributed to the mechanical
restraints on the interconnect. The X-displacement mis-
match between the top and the bottom of the solder inter-
Fig. 3. von Mises strain contour plot as obtained from DIC for PBGA intercon
sample was heated from room temperature 25 �C to 100 �C.
connect, as evident from the inclination of the displacement
contours, is about 0.2 lm. This inclination is attributed to
the shear because of the CTE mismatch between the pack-
age region and the PCB.

Fig. 2d and f shows the deformation contours in the X-
and Y-directions for the multi-grained solder interconnect
#3. A black line is sketched in Fig. 2b to highlight the loca-
tion of some grain boundaries. The slope of the X-displace-
ment contour is not uniform, unlike in the case of the
single-grained interconnect (Fig. 2c). It is different in the
grain above the black line than in the grain below the line.
This indicates that some grains undergo more shear defor-
mation and/or thermal expansion along a certain direction
than the others and this difference is governed by the rela-
tive orientation of the c-axes of the grains, and hence the
thermomechanical anisotropy of the solder material.

Fig. 3 shows contour plots of von Mises strain distribu-
tion on the interconnects. In the case of the single-grain
interconnect, which is homogeneous, the von Mises strain
distribution shows a uniform value of about 0.4%. Slight
variations along some random locations could be due to
the effect of intermetallic precipitates, the presence of small
low-angle grain boundaries and the inherent noise associ-
ated with the measurement technique, along the edges of
the measurement surface. In the case of the multi-grained
solder interconnect, DIC shows a distinct variation of
von Mises strain along the grains above and below the dark
line. The grain above the line shows an average strain value
of 0.2% while the one below the line shows a value of about
0.45%. This mismatch in strain between the neighboring
grains has to be accommodated by their grain boundary
via grain boundary sliding or plastic work accumulation
after several such cycles. This result supports the hypothe-
sis that a failure crack propagates along the grain bound-
ary after several thermomechanical cycles.

This non-uniformity in deformation is primarily attrib-
uted to the anisotropic nature of tin at the grain level.
The linear CTE of tin along the [100] and [010] directions
(a- and b-axes) is 15.4 ppm �C�1, while it is 30.5 ppm �C�1

along the [001] direction (c-axis) [2–4]. Also, the Young’s
modulus of tin along the [100] and [010] directions is
23 GPa and that along the [001] direction is 70 GPa
[3,4]. This anisotropy provides deformation variation in a
nect #1 (single grain), (a) and interconnect #3 (multi-grain), (b) in situ. The



Fig. 4. Plastic deformation along the grain boundaries after 35 thermal cycles of 125 �C to �40 �C for multi-grain solder interconnect #3.

Fig. 5. Angular variation of normal strain in small elements at different locations when the package was heated from room temperature to 100 �C for: (a)
single-grained PBGA interconnect #1, showing the same strain variation in different directions; and (b) multi-grained PBGA interconnect #3, showing the
different strain variation in different grains.
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given interconnect composed of a few grains of different
orientations. It is not straightforward, however, to predict
the deformation pattern in a given cross-section due to the
unknown three-dimensional geometry of each grain. A
combination of experimental and numerical approach is
being exercised to predict the apparent deformations of a
given solder interconnect under thermomechanical loading
[14].

Fig. 4 shows a magnified image of the right hand side
region of grains A and B. It reveals permanent plastic
deformation (or strain accumulation) along the grain
Fig. 6. CBGA interconnect #8. (a, b) Location of grains and Ag3Sn plate; (c) B
of strain at different locations when the sample was heated to 100 �C.
boundaries after the sample was subjected to 35 thermal
cycles of �40 to 125 �C. The strain mismatch in adjacent
grains, as evident in the von Mises strain contour of
Fig. 4b, led to permanent plastic deformation along the
boundaries of the grain (Fig. 4).

In Fig. 5a, the angular strains for two random locations,
A and B, are plotted for comparison. Here, the angular
strains are the extensional strains along the length of
angled small line segment (ideally it should be a spot) with
respect to the horizontal (X-axis). As shown in the plot, the
angular strains are maximum at 2350 microstrains along
F image of Ag3Sn plate at 1000· magnification; and (d) angular variation
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about 100� and minimum along 0� (parallel to the pads) for
both locations A and B. The direction of maximum normal
strain at location B is slightly offset from the one of loca-
tion A and could be the influence of bending and shear
loading in addition to the unknown three-dimensional
effect of the grain(s). The directions of maximum or mini-
mum normal strains are governed by the orientation of
the c-axis in the cross-section, which determines the effec-
tive CTE and stiffness in that direction. The deformation
of the interconnect is a result of mechanical strain by bend-
ing force and free thermal expansion of the solder material.

The same angular strain analyses were conducted for the
multi-grained solder interconnect #3 (Fig. 5b). The direc-
tion of maximum normal strain in grain B is along 90�,
while it is along 150� in the case of grain A. However,
for two locations, 1 and 2, in the same grain the normal
strain distribution is similar; this was also observed in the
case of the single-grained interconnect (Fig. 5a). A slight
variation in two points in grain A could be because of
the pad effect or the grain shape in the third dimension.
The direction of the maximum normal strain in the element
is also governed by the effect of orientation of different
neighboring grains in addition to other factors discussed
earlier for the single-grained interconnect. The result shows
that the strain distribution at different regions (A and B) is
apparently different, while strains at the same region (1 and
2) have the same trend. It is evident that the difference in
strain distribution in different grains is due to the aniso-
tropic nature of the CTE and Young’s modulus of each
grain, even when the joint is subjected to a uniform ther-
momechanical loading. The strain mismatch at the two
adjacent locations, A1 and B1, across the boundaries
between the two grains, is considerably high, about 2000
microstrains. Hence, after a number of thermal cycles, this
variation of strain distribution in adjoining grains can lead
to plastic strain accumulation and, eventually, to crack ini-
tiation during thermal cycling along the grain boundary
(Fig. 4).

3.1. Strains at and around the intermetallics

The inhomogeneous and anisotropic SAC solder inter-
connects are further complicated by the intermetallics. A
further detailed study of strain distribution at and around
the bigger intermetallics (Ag3Sn plates) was conducted. As
shown in Fig. 6, a region where two grains met and a bigger
intermetallic plate existed was used for this analysis.

A larger primary intermetallic plate (Ag3Sn) was imaged
at room temperature and 100 �C with 1000· magnification
and the two images were correlated to obtain deformation
and strain distribution. Angular strain distribution is pre-
sented for differently orientated grains (at locations A
and B) and an Ag3Sn plate (at location C) in Fig. 6.

The strain field at the intermetallic (at location C) is very
different from that in the neighboring grains (at locations A
and B). It shows a fairly constant strain of 700 microstrains
in all the angular directions for grain B, while grain A
shows a minimum strain value of 300 microstrains at
105� and a maximum of 1300 microstrains at 0�. The differ-
ence in angular strains between the two neighboring grains
could be big as shown in Fig. 5b. In this case, however, the
proximity of the two points (A and B) and physical dis-
placement continuity made the strain difference between
the two locations look smaller in the plot.

An interesting strain distribution is observed at the lar-
ger primary intermetallic. The Ag3Sn plate is inclined at
about 125� from the horizontal axis and maximum and
minimum angular strains are obtained at 60� (compressive)
and 135� (tensile), respectively, with the amount of 1200
microstrains. The strain mismatches between the interme-
tallic and the neighboring grains (points A and B,
Fig. 6c) are attributed to the size and location of the inter-
metallic plate and orientation of the neighboring grains. It
was reported that the primary intermetallics could be the
sites of crack initiation and propagation during thermal
cycling, with the severity depending on the size of the inter-
metallics and their location with respect to the grain
boundary and pad area [10]. Similar results in terms of
strain and deformation mismatch along different grains
and intermetallics were obtained when the same samples
were subjected to multiple deep thermal cycles (�45 to
125 �C) [12].
4. Conclusion

A combination of optical microscopy and DIC was
adopted to characterize the deformations and strains of
board-level SnAgCu solder interconnects. The results were
correlated with the distribution of different grains and their
orientations.

Strain within a solder interconnect varied significantly in
different grains and at and around the intermetallics under
a thermomechanical loading. This anisotropic and non-
homogeneous distribution of deformation resulted in plas-
tic deformation (or strain accumulation) along the grain
boundaries and near the primary intermetallic precipitates
during thermal cycling. This explains a mechanism of crack
initiation and propagation along the grain boundaries and
larger primary intermetallics after several thermal cycles. A
further extension of this technique combined with three-
dimensional numerical modeling considering the anisot-
ropy would provide a better understanding of the failure
mechanism and help to build more accurate reliability
models of lead-free solders. This would ultimately contrib-
ute towards developing optimized process conditions to
form different grain structures and intermetallic sizes, and
improve the fatigue life of such joints.
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