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This paper focuses on the characterization of the elasto-plastic properties of actual Sn–1.0 wt.%Ag–
0.5 wt.%Cu (SAC105), Sn–3.0 wt.%Ag–0.5 wt.%Cu (SAC305) and Sn–4.0 wt.%Ag–0.5 wt.%Cu (SAC405) sol-
der joints for drop test modeling. Several actual ChipArray� BGA (CABGA) packages were cross-sectioned,
polished and used as the test vehicles. The drop tests were performed with various impact amplitudes
using a specially designed mini drop table along with a conventional drop table to generate plastic defor-
mations in the solder joints. The plastic deformations in the solder joints were measured after each drop
using microscope imaging in conjunction with the digital image correlation (DIC) technique. The coeffi-
cients of the Ramberg–Osgood elasto-plastic model for the solder alloys were extracted from the exper-
imental results using a finite element method (FEM) modeling-based iteration process. An application
and validation of the developed model were carried out using pendulum tests.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Board level solder joint reliability during drop impact is a great
concern in electronic packaging. A widely accepted method to
assess the drop reliability of microelectronics is the drop test [1].
Modeling is also a powerful method which can provide insight into
the dynamic behaviors of the BGA packages under drop impact
[2,3]. Moreover, modeling is usually used to compare the relative
drop test performance of various package designs. Since solder
alloys deform plastically at high stress and high strain rate, the
elasto-plastic properties of the solder alloys are needed to support
the drop test modeling. Therefore, it is important to characterize
the elasto-plastic properties accurately in order to achieve a
reliable drop test model.

A number of studies have been reported on the characterization
of elasto-plastic properties of lead and lead-free solder alloys. Dar-
veaux and Banerji [4] developed constitutive relations for tin-
based solder joints using tensile and shear tests. Wang and Yi [5]
reported compressive constitutive properties of 63Sn37Pb solder
over the strain rates from 340 to 1150 s�1 using split Hopkinson
pressure bar (SHPB) test. Vianco et al. [6] characterized the time-
independent mechanical and physical properties of the ternary
95.5Sn3.9Ag0.6Cu solder over the temperature range of �25 to
160 �C using strain rates of 4.2 � 10�5–8.3 � 10�4. Siviour et al.
[7] measured bulk properties of Sn37Pb, Sn3.5Ag, and Sn3.8Ag0.7-
Cu using SHPB at strain rates from 500 to 3000 s�1. Wiese and
Rzepka [8] investigated time-independent behavior of SnPb37,
ll rights reserved.
SnAg3.5, and SnAg4Cu0.5 on flip chip solder joints using a micro
shear tester. Wong et al. [9] generated true stress strain properties
of four solder alloys (63Sn–37Pb, Sn1.0Ag0.1Cu, Sn–3.5Ag, and
Sn3.0Ag0.5Cu) for strain rates in the range from 0.005 s�1 to
300 s�1 using a specialized drop-weight tester. Jenq et al. [10] stud-
ied compression behavior of SAC305, SAC105, and Sn–37Pb at
strain rates ranging from 380 to 3030 s�1 using the SHPB appara-
tus. Qin et al. [11] investigated mechanical properties of one
lead-based solder, Sn37Pb, and two lead-free solders, Sn3.5Ag
and Sn3.0Ag0.5Cu at strain rates that ranged from 600 s�1 to
2200 s�1 by the SHPB and tensile bar technique. Based on the
experimental data, the strain rate-dependent Johnson–Cook mod-
els for the three solders were derived. More recently, Su et al.
[12] performed bulk solder tensile tests to characterize the
mechanical properties of SAC105 and SAC405 at strain rates rang-
ing from 0.0088 s�1 to 57.0 s�1. The authors also conducted solder
joint array shear and tensile tests on wafer-level chip scale package
(WLCSP) specimens under two test rates of 0.5 mm/s (2.27 s�1) and
5 mm/s (22.73 s�1) to investigate the strength and failure modes of
the solder joints. Most of the above investigations used bulk solder
bars as the test vehicles. However, the material properties of the
small solder joints used in electronics assembly are different from
those of bulk solder bars, because they have significantly different
microstructures and different intermetallic compound layers. To
account for the effects of the microstructures and intermetallic
compound distribution, it is necessary to perform the characteriza-
tion on the actual solder joints. Among the above studies, authors
in [4,8,12] performed their material characterizations on miniature
solder joints. However, the tests were carried out only at low strain
rates, while electronic solder joints usually experience medium
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strain rates during drop impacts [9]; the elasto-plastic properties
of actual BGA solder joints at medium strain rates are still unavail-
able for drop test modeling.

In this paper, time-independent elasto-plastic properties of
three solder alloys of current industrial interest, SAC105, SAC305
and SAC405, were characterized on actual BGA solder joints at
medium strain rates. While the properties of Sn are known to be
anisotropic [13], this work is done to examine how properties of
the solder alloys can be characterized with an isotropic assumption
that is desirable for simplifying engineering design. The measure-
ment on the actual solder joints at medium strain rates was
achieved by using a novel methodology. The methodology is the
combination of actual drop test, microscope imaging with DIC,
and FEM modeling. DIC is an excellent full-field optical deforma-
tion measurement technique. It is widely used to assess in-plane
and out-of-plane displacement and strain fields on object surfaces
with subpixel accuracy [14,15]. The plastic deformations in the sol-
der joints were directly measured, and thus, no separation of elas-
tic and plastic deformations from the experimental data was
needed. The Ramberg–Osgood model was chosen to describe the
elasto-plastic behavior of the solder alloys. The Ramberg–Osgood
model was created to describe the non-linear relationship between
stress and strain in materials near their yield points [16]. It is espe-
cially useful for metals that harden with plastic deformation,
showing a smooth elastic–plastic transition. Based on the experi-
mental data, the coefficients of the constitutive model were accu-
rately evaluated using an iteration process. A novel test setup was
designed for characterizing the deformation of actual solder joints
subjected to pendulum tests. DIC technique was successfully com-
bined with the pendulum tests for the validation of the developed
model.
2. Experiment

2.1. Test vehicle

The test vehicles are Amkor’s CABGA test packages with a
10 � 10 BGA. The package consists of a 1 mm PCB, 10 � 10 BGA,
220 lm substrate, 250 lm dummy die, and 600 lm overmold.
Three BGA solder alloys, SAC105, SAC305 and SAC405, were inves-
tigated. The solder joint height, diameter and pitch are 300, 530,
and 800 lm, respectively, while the copper pad and polyimide pas-
sivation have a thickness of 25 lm. The solder joints were naturally
aged at room temperature for several months in order to bring the
microstructure closer to an equilibrium state. The packages were
then cross-sectioned into samples containing 3 � 2 solder joints,
where each solder joint in the first and the third rows contain only
half a solder joint, as shown in Fig. 1. The samples were manually
ground and polished using 320–1200 grit silicon carbide papers to
be ready for the tests. For the solder alloys used in this study the
cross-sectioned surfaces of the solder joints were found to have
sufficiently detailed contrast features on the surfaces (see Fig. 1d
to allow local displacement changes to be measured using DIC cal-
culations, making any further surface treatment unnecessary.
2.2. Experimental setup

Fig. 2 shows the schematic of the drop test setup. The test sam-
ple was mounted on a mini drop table, which was designed and
made of aluminum. It consists of a base plate, a drop weight and
two parallel rods to guide the drop weight. Two springs were also
used to press the drop weight onto the test sample, and thus, to en-
sure the test sample is in contact with the drop weight and the
base before the drop table hits the strike surface. The springs were
chosen to have a low enough stiffness, so that they have negligible
effect on deformation of the test sample. The mini drop table was
then mounted to the top of a conventional drop table using four
screws, one at each corner of the base plate. When the drop table
is dropped the drop weight will generate compressive force on
the test vehicle during the impact, inducing deformation in the sol-
der joints. This technique is fundamentally similar to the drop
weight technique used in [9]. The difference between them is that
in this technique the test vehicle is dropped along with the drop
weight instead of staying fixed on the bottom base. This way was
found to help produce more uniform deformation distribution
among the solder joints in the test sample. During the drop tests,
an accelerometer was placed on the top corner of the base of the
mini drop table to monitor the transient acceleration of the base.
It is noted that the acceleration profile was observed to have a typ-
ical half-sine pulse shape as shown in Fig. 2b.

Consecutive drops were performed at peak accelerations from
400 G to 3000 G, with 200 G increments after each drop. The drop
height was adjusted to get the desired peak accelerations. Stress–
strain behavior of solder alloys is known as rate-dependent. It is
desirable to conduct the material characterization at constant
strain rates. However, the strain distribution in the solder joint is
non-uniform, because of its irregular geometry. Therefore, it is
not as possible to generate uniform strain rates in the actual solder
joints as it is in a bulk solder bar with a uniform cross-section. In
this study, the impact duration was adjusted to be 0.5 ms in an at-
tempt to be in the strain rate range of the practical board level drop
tests suggested by JEDEC [1]. Since the maximum strain observed
in the experiments is around 2.5%, the maximum strain rate can
be approximately estimated as 100 s�1. This strain rate is in a sim-
ilar range estimated for mobile applications by authors in [9]. A
photograph of the experimental setup is shown in Fig. 3.

After each drop, the 8-bit gray level images of the cross-sec-
tioned surfaces of the solder joints were magnified with a micro-
scope and recorded with the CCD camera. The surfaces were
magnified by using a 20� objective lens, by which a field-of-view
size of approximately 522 � 697 lm2 was obtained. For this setup
the error of the displacement measurement is estimated to be
±0.002 lm [15]. The recorded images were correlated with the ref-
erence ones taken before the drop tests to obtain the residual dis-
placement and strain fields in the solder joints. The displacement
fields were obtained for four cross-sectioned solder joints from 1
to 4 (see Fig. 1b). The final displacement of each sample is the
mean value of the four solder joints.

2.3. Experimental results

The DIC was performed using the acquired images; the dis-
placement fields in x-direction and y-direction were obtained.
However, only displacement in y-direction was used for the extrac-
tion of the coefficients for the constitutive model. A typical set of
results from DIC is shown in Fig. 4. The contour plot in Fig. 4a de-
picts well the behaviors of the solder joint under compression.
Locations 0 and 1 designate areas on the top and bottom of the sol-
der joints, respectively, as indicated in Fig. 4a. Since the experi-
mentally obtained distributions are not uniform in these
locations, displacement Y was averaged in locations 0 and 1. Then,
the differences between the averaged values of these locations was
denoted as the total displacements in Y of the solder joint, respec-
tively, in the rest of the paper. Finally, the displacement, Y, of a test
sample is the mean value of the four cross-sectioned solder joints
of the sample (see Fig. 1b). It is noted that the measured displace-
ments are residuals after load is removed, which contain only the
plastic components, and thus, no separation of elastic and plastic
displacements is needed.

Fig. 5 shows the resultant plastic displacement Y versus acceler-
ation peak. It is noted that each data point in the figure is the mean
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value of six different test samples of four cross-sectioned solder
joints. Curve fitting was performed to fit the experimental data.
The details of the curve fitting will be discussed later in Section 3.3.
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3. Extraction of the coefficients for the elasto-plastic models

3.1. FEM modeling

Since the geometry of the solder joint is not regular the stress
and strain distributions during the experiment could not be ob-
tained by simple analytical calculations. Therefore, drop test mod-
eling was performed for the extraction of the elasto-plastic
properties of the solder alloys. The 3D FEM model was constructed
as shown in detail in Fig. 6. The model consists of the test vehicle
and the drop weight. The geometries, materials, boundary condi-
tion, loads were set to the same as those in the experiments. Thus,
the bottom of the PCB was constrained in y-direction; a contact
pair was defined between the top of the overmold and the bottom
of the drop weight. The transient analyses were performed with
ANSYS using ‘‘Input-G’’ method and the implicit solver [3]. The
transient accelerations recorded with the accelerometer from the
experiments were applied to the FEM model as the loading. The
damping ratio is arbitrarily assumed to be 2%.

3.2. Constitutive model

All the constitutive materials were modeled as linear elastic
materials except for the solder alloys which were modeled as
time-independent elasto-plastic materials. The elastic properties
of the constitutive materials were obtained from [15]. Ramberg–
Osgood model was chosen for the solder alloys. The model was
successfully used by the authors in [17] to describe the elasto-plas-
tic behavior of several solder alloys. The original form of the model
can be written as

e ¼ r
E
þ K

r
E

� �n
ð1Þ
Drop weight 
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Die
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Fig. 6. 3D FEM model for the drop tests.
where e is strain, r is stress, E is Young’s modulus, n is the harden-
ing exponent and K is a material constant. The first term of the
equation r/E is equal to the elastic part of the strain, while the sec-
ond term, K(r/E)n, accounts for the plastic part; the parameters K
and n describe the hardening behavior of the material. The Ram-
berg–Osgood equation can be rewritten as

e ¼ r
E
þ r

r0

� �n

ð2Þ

where r0 = E/K1/n. The coefficients of the model {n, r0} now need to
be extracted from the experimental data. The determination of the
coefficients of the model will be discussed in the next section.

3.3. Iteration process

Since the Ramberg–Osgood stress–plastic strain relationship is
a power law relation, it is also employed to describe the relation-
ship between the plastic displacement Yplas and peak acceleration
g as follows:

Yplas ¼
g
g0

� �m

ð3Þ

By fitting the experimental data {g, Yplas} into Eq. (3) material
constants {m, g0} for SAC105, SAC305 and SAC405 were found to
be {2.96, 664.8}, {5.1, 1458} and {5.6, 1539}, respectively (see
Fig. 5). Let these be {M, G0}’s, the reference values of {m, g0}. Based
on these results, {n, r0} for the solder alloys are needed to be deter-
mined so that the drop test modeling would produce the same {g,
Yplas} relationship as the experiments do. In other words, the above
reference values of {m, g0} should be also obtained when fitting the
numerically-obtained values of {g, Yplas} into Eq. (3). Since {n, r0}
could not be determined explicitly, an iteration process was devel-
oped as shown in Fig. 7. The process begins with estimated initial
values of {n, r0} as the input. Now that {n, r0} are known 20 stress–
strain points, of which the values of stress ranging from 10 to
200 MPa (with 10 MPa distance from one to the next), are derived
from Eq. (2) and used as the inputs for the multilinear kinematic
hardening model (TB, KINH) in ANSYS [18]. In this way the Ram-
berg–Osgood model is conveniently adopted into ANSYS. The drop
test modeling is then performed at the peak accelerations ranging
from 400 G to 3000 G. The plastic displacements Yplas in the solder
joints are obtained from the results of the modeling. Curve fitting is
Fig. 7. Iteration process for the extraction of {n, r0}.
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performed to fit the numerically-obtained data {g, Yplas} into Eq. (3)
to obtain the coefficients {m, g0}. If these coefficients are close en-
ough to their above reference values {M, G0}, the iteration process
is terminated. Otherwise, a new set of {n, r0} is calculated (see
Fig. 7); and the iteration is repeated until convergence is achieved.
The values for convergence criteria e1 and e2 were set to be 10�3M
and 10�3G0, respectively, in this paper.
4. Results and discussions

Generally, the solution was found to converge after less than six
iterations with reasonable initial values of {n, r0}. The final values
of {n, r0} for SAC105, SAC305 and SAC405 were found to be {3.1,
213}, {5.4, 232} and {6, 215}, respectively. The hardening expo-
nents n for SAC305 and SAC405, 5.4 and 6 respectively, are margin-
ally smaller than the literature values for 95.5Sn3.8Ag0.7Cu solder
bar which range from 7.96 to 9.41 [17]. The Ramberg–Osgood
equations for SAC105, SAC305 and SAC405, can then be respec-
tively written as

eSAC105 ¼
r
97
þ r

213

� �3:1
ð4Þ
eSAC305 ¼
r
90
þ r

232

� �5:4
ð5Þ
(a) (b) -5 µµm
X Y 

0 µm

Fig. 9. Typical contour plot of plastic displacements (a) X and (b) Y in the solder
joints obtained from drop test modeling.
eSAC405 ¼
r
86
þ r

215

� �6
ð6Þ

The unit of r in these equations is GPa. The elasto-plastic curves
for the solder alloys are shown in Fig. 8. The elasto-plastic curves
for SAC405 from Weise [8], SAC101 and SAC305 at strain rate of
100 s�1 from Wong [9], SAC305 at strain rate of 600 s�1 from Qin
et al. [11] are also plotted in the figure for the comparison. It can
be observed from the figure that the curves obtained from this pa-
per are generally in good agreement with the ones from literature.
The curve for SAC405 in this paper matches every well with Weise
and Rzepka’s [8], a widely used model for drop test modeling, at
strains below 0.015. At higher strains, the Weise’s curve exhibits
much higher hardening. The elasto-plastic curves for SAC305 and
SAC405 obtained from this paper are very close to each other,
implying that SAC305 and SAC405 have similar elasto-plastic
behavior. Moreover, at the same strain value the stress value for
SAC105 is significantly lower than those for SAC305 and SAC405.
This indicates that SAC105 is more ductile than SAC305 and
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Fig. 8. Comparison of elasto-plastic curves for the solder alloys.
SAC405. This result is in agreement with the literature finding that
SAC105 solder joints have better reliability than the SAC305 and
SAC405 under drop impact [19,20].

Using the models given in Eqs. (4)–(6), the Yplas–g curves for the
solder alloys obtained from the drop test modeling are now iden-
tical to the best fit curves in Fig. 5. It seen from the figure that
the numerical results fit the experimental ones very well. More-
over, the typical contour plots of the plastic displacements X and
Y, obtained from the drop test modeling and shown in Fig. 9, match
very well with the contour plots of the experimental ones shown in
Fig. 4a. Furthermore, when the typical contour plots of strains in x-
and y-direction are obtained from the both experiments and mod-
eling, as shown in Fig. 10, the experimental and numerical contour
plots also match very well. These results confirm that the choice of
Ramberg–Osgood model to describe the elasto-plastic behavior of
the solder alloys was proper, and that the coefficients of the model
were extracted accurately.

5. An application and validation of the model

In order to validate the developed model high speed pendulum
tests were setup and performed. The test vehicle is an Amkor’s
CTBGA package with 228 solder balls made of SAC405 (see
Fig. 11a). The package consists of a 600 lm PCB, 200 lm substrate,
200 lm dummy die, and 600 lm thick over mold. The solder ball
height is 230 lm, while the solder ball diameter is 340 lm. It is
noted that this solder ball size is smaller than the one used for
the material characterization described above. The packages were
then cross-sectioned into samples containing 3 � 4 solder joints
as shown in Fig. 11b–d. The samples were manually ground and
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Fig. 10. Typical contour plot of plastic strains X and Y in the solder joints (a)
experimental (b) numerical results.
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polished using the process described in Section 2.1 to be ready for
the tests.

High speed pendulum impact tests were carried out on XYZTEC
Condor Impact Measurement Unit. This unit was selected because
it has the capability to perform high speed impact tests [21]. The
schematic of the pendulum test is shown in Fig. 12. The test vehicle
was glued, using epoxy, onto an aluminum base which was rigidly
constrained. The pendulum was controlled to impact the substrate
and molding compound layers in horizontal direction, inducing
shear deformations in the solder joints. A shear height of 230 lm
from the PCB surface was adopted for all the tests. This shear
height was selected to make sure the pendulum head would hit
the top part of the test sample including the molding compound,
die and substrate. The pendulum head was programmed to swing
with a constant speed, then, hit and knock off the top part of the
test vehicle. The speed was selected to be 0.4 m/s so that the im-
pact duration was approximately 1 ms, which is similar to the
one in the above drop tests. The transducer in the equipment cap-
tured impact force data as a function of time. A picture of the
experimental setup is shown in Fig. 13.

Two identical samples were prepared and tested. The failure
mode observed from the tests was crack in the intermetallic layer
formed between the bulk solder and the copper pad at the PCB
side. After the pendulum test the displacement fields in all the
cross-sectioned solder joints were obtained using the DIC process
as described in the previous sections. A typical contour plot of
the displacement X obtained from the DIC is shown in Fig. 14.
The shear displacement between the top and the bottom of all
PCB

Base 
Glue

Pendulum head

Impact direction

x

y

Fig. 12. Schematic of the high speed pendulum test.

Fig. 14. Contour plot of displacement X (a) before the test (b) after the test.
the cross-sectioned solder joints was found to be average of
19.7 lm.

The reaction force recorded by the transducer is shown in
Fig. 15. Generally, the reaction force increases sharply as the pen-
dulum impacts the sample. It reaches its highest value, when the
crack begins in the intermetallic layer, and then decreases to zero.
In both of the tests, the peak reaction force was approximately
29.5 N.

Transient FEM modeling was conducted to simulate the pendu-
lum tests. The 3D FEM model of the pendulum test is shown in
Fig. 16. The bottom of the PCB was constrained in all DOF’s. The
reaction force experimentally recorded was uniformly applied to
the composite of the molding compound, die and substrate layers
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of the model as the transient loading. The developed constitutive
equation for SAC405 (Eq. (6)) was applied for the solder joints. It
is assumed that the cracks happen when the reaction force reaches
its peak value. During the crack openings, the reaction force de-
creases; the plastic deformation in the solder joints remains the
same. Therefore, in the FEM simulation, fracture of the solder joints
was not considered.
For the comparison purpose, Weise’s elasto–plastic model [8]
was also used in the simulation. Weise’s model was chosen be-
cause it is considered the most widely used model for drop test
modeling of electronic packaging recently. The comparison of the
experimental results obtained from the pendulum tests, the simu-
lation results with the developed model and Weise’s model,
respectively, is presented in Fig. 17. It is noted that the DIC result
in the figure is the mean value of the 12 cross-sectioned solder
joints of the two samples. The figure clearly shows that the model
in this paper produces very good match between the experimental
and numerical results, while Weise’s model underestimates the
shear displacement. This result validates the constitutive model
developed in this work.
6. Conclusion

The elasto-plastic behaviors of actual SAC105, SAC305 and
SAC405 solder joints were characterized at medium strain rates
using a novel methodology, in which drop tests were combined
with DIC and FEM modeling. The Ramberg–Osgood model was
used to describe the elasto-plastic behavior of the solder alloys.
The coefficients of the models for the solder alloys were success-
fully extracted from the experimental results using the developed
iteration process. The developed elasto-plastic model produced
good agreement between the numerical and experimental results
for both drop and pendulum tests. The model is recommended to
be used to describe the behaviors of the solder alloys in drop test
modeling of electronic packaging.
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