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Abstract: In this paper, drop reliability of various PBA (printed board assembly) mounting structures
is investigated and compared. Then, we built SAC305 (Sn3.0Ag0.5Cu) interconnects for BGA
(ball grid array) package failure model to evaluate the drop impact reliability of handheld devices.
In order to simulate actual behavior of the solder joint under the drop impact load of handheld
devices, we perform explicit full FEA (finite element analysis) modeling. However, this takes a
lot of computing time because of the large aspect ratio of element size between solder joints and
other structures such a PCB (printed circuit board) and electronic packages. Therefore, an effective
way to represent solder interconnects for FEA is needed which would be relatively simpler yet
detailed. Comparable board-level drop tests are conducted after equipping test vehicles with various
fixtures considering PBA mounting structures, which make it possible to apply different loading
conditions to BGA packages. The results show different drop impact life for solder interconnects
depending on the mounting design of the PBA. Particularly, the solder interconnect of the component
located at the middle of the PCB exhibits the shortest impact life where the highest tensile stress
occurs. Also, the mounting design restraining PBA deflections shows better reliability under the drop
impact loading. Sequentially, simulating with a PBA composed of the BGA package and the PCB is
considered to assess the feasibility of the solder ball failure modeling when the drop impact load is
applied. Especially, for the modeling of the solder balls, detailed solid model and simple beam model
are compared regarding computational efficiency and numerical accuracy. We found that the simple
beam model significantly shortens computational time from 110 h to less than an hour. Accordingly,
the feasibility of the beam model for the solder balls is shown by correlating the stress level and the
drop impact life obtained from the experiments.

Keywords: PBA (printed board assembly); BGA (ball grid array) package; drop impact reliability;
board-level drop tests; drop impact life

1. Introduction

Because of the slim design, handheld devices are becoming more vulnerable in case of the
drop. As electronic packages are also getting thinner, drop and vibration reliability concerns become
increasingly more important [1–5]. Especially, interconnection structures of the IC (integrated circuit)
packages are sensitive to drop impact conditions when PCB thickness is reduced. On the other hand,
modern design tends to minimize the number of screws used to mount these slim PBA for reasons of
cost-effectiveness of the assembly process. As shown in Figure 1, various structural designs exist using
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both screw fastening and hook locking for PBA mounting in portable electronics. Drop reliability and
IC package lifetime should be assessed in the development stage of the mobile product. This requires a
database of records of structural designs of the PBA mounting and effective FEA of the drop impact
performance for IC packages. Accordingly, we have carried out a study to better understand the
dynamic behavior of interconnections of the electronics package and the effect of the mounting
design. Among various IC packages, we examined the BGA package because its popularity in mobile
electronics. Drop reliability of various PBA assembly designs is compared in terms of characteristic
life, and failure modeling and criterion for drop simulation are established for specific BGA packages.
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Figure 1. Various printed board assembly (PBA) mounting structures for portable electronics.

First, board-level drop tests are conducted after equipping test vehicles with various fixtures
considering PBA mounting structures, which make it possible to apply different impact loads to the
BGA packages. The failure of BGA package under the drop impact condition mainly occurs around the
solder balls at the outermost array, especially at the corner as reported by previous researchers [6–8].
In addition, the representative failure modes were found as a crack in the IMC (inter-metallic compound)
layer of the solder joint and the PCB pad cratering under drop impact loading [9–12]. In this study,
we consider three PBA mounting structures as boundary conditions with a variation in the amount of
displacement that can be applied to the solder joints. Based on JEDEC (joint electron device engineering
council) standard, the drop test is sequentially conducted and repeated until the electric connection of
the BGA package is cut off by monitoring the resistance change (i.e., daisy-chain connection failure).
The drop life for each boundary condition is obtained for the validation of the failure model.

Next, drop simulation of the BGA package is carried out. Although the solder ball is the smallest
component in the PBA model it is the most essential one since the BGA package failure always happens
around the solder interconnects. IC package modeling and simulation of the drop event is extensively
discussed in the literature. Wu and Lan [13] used a numerical method to investigate the stress and strain
of the solder joint during drop test and then, established a predictive fatigue life model for SAC105
and SAC1205N solder joint. Xu et al. [14] proposed a numerical method to investigate the plastic strain
hardening effect of lead-free solder joints in PCB assembly subject to mechanical drop test. Zhu and
Marcinkiewicz [15] introduced sub-modeling and explicit-implicit sequential modeling techniques
to efficiently characterize the dynamic responses of CSP/BGA packages in different board designs.
Tee et al. [16] and Tee et al. [17] established an impact life prediction modeling for various types of BGA
and QFN (quad-flat no-leads) packages. However, there is still lack of numerical solutions to effectively
reduce the computing time with maintaining accuracy of analysis for dynamic modeling. In this study,
in order to represent the minute solder joint compared to the PCB, the sub-modeling technique is used
by replacing solid elements with beam elements. In addition, the elasto-plastic property of the SAC305
characterized by Nguyen and Park [18] is applied to FEA modeling so that the solder joint accurately
simulates actual stress–strain behavior under such a high strain rate of the impact loading.

As a failure criterion of the solder joint, the plastic strain of the solder joint or the peeling
force/stress between the bulk solder and the IMC are used. In this paper, we try to implement the
solder balls in detail even at the cost of the increased computational costs. Then, solder balls are
simplified as simple beam elements with an acceptable numerical accuracy. PCB material properties
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and fixture modeling are validated by comparing the bare PCB out-of-plane displacement between the
experiment and the simulation. As for loading conditions, the maximum tensile strain is correlated
with the characteristic life from drop reliability result, and the location of the crack development in
both experiment and simulation is assessed.

2. Experiment

2.1. Test Setup

Figure 2 shows the test vehicle and the supporting fixture used in this study. As a typical
option for modern portable electronics, we use a 6-layers PCB with 44.0 mm length, 34.0 mm width,
and 0.6 mm thickness supported with two screws. Normally, four screws are used to avoid PCB
deformation. However, recently the number of screws in mobile products decreases for the reasons
of slim cost-effective design, and the PCB deformation is more pronounced when a small number of
screws are used. Also, as shown in Figure 3 (left), the PCB is prepared using SR (solder resist), NSMD
(non-solder mask defined), and OSP (organic solderability preservative) for surface finishing of Cu
pads. After SAC305 solder reflow process, four BGA packages are surface mounted onto the PCB as
shown in Figure 3 (right). The package size and the ball diameter/pitch are described in Table 1.
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Table 1. BGA package specification.

BGA Package Outer Size (mm) Ball Diameter
(mm)

Ball Pitch
(mm)

Number of Balls
(ea) Array Type

1O 15.0 × 15.0 × 1.21 0.4 0.8 170 Peripheral
2O 12.0 × 12.0 × 1.15 0.3 0.5 222 Peripheral
3O 7.0 × 7.0 × 1.1 0.3 0.5 123 Full

In order to apply different boundary conditions of solder joints in the BGA packages, three different
aluminum fixtures are prepared as shown in Figure 4. In case of fixture I, the load imposed on BGA
packages is only the PCB deformation from the shock impact. Fixture II is designed to reduce the PCB
deformation without additional screws by locating the upper and lower supporting structures near to
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diagonal corners of the package 2O as shown in Figure 2. fixture III is designed to consider the contact
behavior between the package and the wall structure as a representative of rigid bracket or shield cans.Electronics 2020, 9, x FOR PEER REVIEW 4 of 13 
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A board-level drop test setup is shown in Figure 5a. Each fixture with PBA is mounted to the
drop table of the Lansmont® M23 drop tester (Lansmont, Shanghai, China). The drop table is raised to
the specified height and dropped on the strike surface while measuring the g-level, pulse duration,
and pulse shape. Multiple drops may be required while adjusting the drop height and the strike surface
to achieve the specified g-levels and pulse duration. In this work, following the JEDEC standard
JESD22-B111a, the pulse with 1500 g peak acceleration and 0.5 millisecond pulse duration (Figure 5b)
were obtained and used as the input pulse [19]. In order to assess the effect of the fixture design on the
reliability of the BGA packages, the event detector was used to constantly monitor the resistance of the
daisy chained circuits throughout the test and record the number of drops to failure. 12 samples for
fixture I, and 10 samples for fixtures II and III were used in the drop test with all BGA packages daisy
chain connections to statistically determine drop reliability.
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Figure 5. Experimental setup: (a) drop test system and digital image correlation (DIC) measurement
equipment, (b) half-sine input pulse.

To measure PCB deformation, DIC (digital image correlation) and synchronized high-speed
camera are used as shown in Figure 5a. High-speed digital cameras are set up to capture pictures of the
board surface during the impact frame by frame, with a frequency of up to 10,000 frames per second.
These images were then exported to the commercial software package ARAMIS® (v6.3.0, OMA Co.,
Daejeon, Korea, 2014) for solving full-field deformations, 3D shape, and the PCB strain. Previously,
Park et al. demonstrated the utilization of DIC technique for measuring displacement of PBA and
verified measurement accuracy [20].

2.2. Test Results

The out-of-plane deformation of the PCB in case of drop is always of most interest to the
manufacturers as it relates to the stress causing the failure of the solder joints. It is commonly assumed,
the thinner the PCB with higher PCB deflection, the shorter is the impact life of the package, meaning
the higher stress in the solder joints. In this regard, a PBA with same BGA packages and 6 layers
of 0.8 mm thickness was prepared as a reference. Then, both 0.6 mm thick and 0.8 mm thick PCB
with fixture I were translated into the drop test until the solder joint failure. At the same time, DIC
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measurement took place and provided contour plot of the out-of-plane displacement and time history
data during shock impact as the load is applied. Figure 6 shows the out-of-plane displacement contours
for each PCB thickness with fixture I when both PBAs are experiencing the maximum deflection right
after the shock table hits the strike surface. These data were taken at the intervals of 1.0 millisecond for
0.8 mm thick PCB and 1.2 millisecond for 0.6 mm thick PCB, respectively. From Figure 6, the screw
fastened locations can be recognized whereas the unfastened PCB corners deflect the most. In addition,
the center of the PBA is expected to be subject to severe bending deformation after the shock impact
load where BGA package 2O is attached and the outer solder joints of the package 2O are noticed as
the area where the failure occurs. Therefore, Figure 7 shows the time history of the out-of-plane
displacement at the center point of BGA package 2O for 0.6 mm and 0.8 mm thick PCBs. As the PCB
gets thinner, the maximum displacement after the impact increases, and the frequency decreases due
to lower rigidity of the PCB. The BGA package 2O on 0.6 mm thick PCB is deflected downward 1.2 mm
at the impact and upward 1.0 mm at the bouncing back whereas 0.8 mm PCB is deflected downward
0.75 mm and upward 0.65 mm. These results naturally indicate that the drop impact life for the BGA
package 2Owith 0.6 mm PCB is shorter.
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Figure 7. Time series of the out-of-plane displacement of the BGA package 2Owith fixture I.

In order to investigate the effect of the fixture type on the reliability of the BGA package 2O, an event
detector was applied to constantly monitor the resistance of the daisy chained circuits throughout the
test and record the number of drops to failure. The drop test was conducted for 12 samples of fixture I,
and 10 samples of fixtures II and III. The reliability analysis of the drops to failure from the drop tests
was carried out using a two parameter Weibull distribution plot as shown in Equation (1).

F(t) = 1− e−(
t
η )

β

(1)

where F(t) is the cumulative failure distribution function, η is referred to as the characteristic life and is
the number of failure cycles at which 63.2% of the BGA package failed, and β is the shape parameter.
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The drop reliability of the BGA package 2O for each fixture I, II, III is shown as a Weibull distribution
in Figure 8. According to the result, the BGA package 2O with fixture III exhibits higher reliability
than the other two, and fixture I shows the lowest one. This is because fixtures III and II have more
structures than fixture I that minimize the PBA deflection. Figure 8 can be interpreted statistically as
shown in Table 2. From the Equation (1), scale parameters (η) for each fixture I, II, III are found 22.8,
34.2, 159 drops, respectively, as a characteristic life under the drop event. Also, the shape parameters
(β) for all fixtures is between 1 to 1.3 which means BGA failures are attributed to wear damages by
accumulated plastic energy from repeated drop impact. Anderson-Darling values show the goodness
of data fit with Weibull plots using the Minitab program.
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Table 2. Analysis of the Weibull distribution plot for BGA package 2O.

Fixtures N (Number of
Samples)

Scale Parameter (η)
Characteristic Life

Shape Parameter
(β)

AD
(Anderson-Darling)

fixture I 12 22.8 0.98 0.486
fixture II 10 34.2 1.28 0.339
fixture III 10 159 1.29 0.509

After sequential drop tests, some PBAs are inspected for BGA failure. The cross-section of the
solder ball array is analyzed; the representative image for BGA package 2O is shown in Figure 9.
All failures are found to be IMC cracks developed in the outer solder joints of the package. In fact,
all packages show mostly the interfacial failure either between the package and the solder joints
(Figure 9a,c) or between the solder joints and the PCB pad (Figure 9b). Since the IMC layer is so brittle,
the failure caused by the shock impact is initiated around the IMC layer.
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Figure 9. Failure analysis of the BGA package 2O. (a) crack failure between Package and BGA, (b) crack
failure between BGA and PCB, (c) crack propagating between Package and BGA.

Table 3 outlines the characteristic life for all BGA packages, including BGA package 1O, and all
fixtures. Particularly, 0.8 mm and 0.6 mm thick PCB with fixture I are compared. As discussed earlier,
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0.8 mm thick PCB with fixture I exhibits longer characteristic life which means higher drop reliability.
This is obviously because of the smaller deflection as compared to 0.6 mm thick PCB with fixture I.
It should be noticed that the BGA package 3O is not included since it rarely fails within 1000 times
of drop life due to smaller package size effect. Between BGA package 1O and 2O, package 2O has a
lower drop reliability for all cases except for fixture III. This is because fixture III has a wall structure
that allows PBA contact when it bounces back which results in eventually less magnitude of the PBA
deformation. Also, when PBA bounces back, the contact area between the wall structure and the
BGA package 1O protects the contact of the BGA package 2O because the height and ball diameter of
the package 1O are larger than those of the package 2O. Since IC packages take more strain energy on
largely deformed PCB, suppression of the PCB deformation results in higher drop impact reliability of
the solder joints.

Table 3. Characteristic life (number of drops to failure) of the BGA solder joints with various fixtures.

BGA
Package

Fixture I
(0.8 mm Thick PCB)

Fixture I
(0.6 mm Thick PCB)

Fixture II
(0.6 mm Thick PCB)

Fixture III
(0.6 mm Thick PCB)

1O 63.9 25.2 123.7 91.5
2O 32.7 22.9 34.2 159

3. FEA Method

Stress analysis of the solder joints is needed to investigate how failure mechanism is related to
PCB deflections. A 3D FEA model was built using PAM-CRASH commercial software package as
shown in Figure 10. PCB and BGA packages including solder joints are represented with a solid
model. Solder joints at the corner referred to as A in Figure 10 were modelled in detail, and the other
solder joints referred to as B and C were modelled as octagonal columns. PCB, Cu pad, and package
(epoxy mold compound) are assumed to have isotropic and elastic material properties as shown in
Table 4. As many researches, the material property behavior of the solder joints are generally assumed
visco-plastic such a in Anand’s model, which is more relevant to simulate thermal cyclic loading [21–25].
However, the solder joints were to be considered as elasto-plastic at high strain rates [26]. Therefore,
Ramberg-Osgood model for SAC305 was used to implement more accurate simulation of the solder
joint during the drop test as shown in Figure 11. Also, the loading condition, 1500 g peak acceleration
and 0.5 ms pulse duration (Figure 5b), is imposed at the fixture shown in Figure 2.
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Figure 10. 3D finite element analysis (FEA) model.

Table 4. Mechanical properties of the components.

Components Density (Kg/mm3) Elastic Modulus (GPa) Poisson’s Ratio

BGA Package (EMC) 1.89 × 10−6 28 0.35
Cu pad 8.94 × 10−6 117 0.34

Solder joints 7.44 × 10−6 90 0.42
PCB 1.91 × 10−6 16.8 0.36
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3.1. Validation of the Drop FEA Model

To validate 3D FEA model for drop simulation, the drop test was carried out for both the bare
PCB (0.8 mm thickness) and the PBA (0.6 mm thickness) with fixture I, and dynamic responses were
acquired using the DIC technique.

First, the bare PCB (0.8 mm thickness) response to the drop test is examined for fixture I. Figure 12
compares dynamic responses of the bare PCB from the drop test and the corresponding FEA simulation
result. According to Figure 12a, first few displacement peaks are well matched while there is some
discrepancy after about 4.0 ms due to PCB manufacturing defects. However, the first two peaks of
the PCB deflection under the drop event are the most critical because the solder joints undergo the
maximum stresses during this stage. In addition, Figure 12b provides both quantitative and qualitative
validation results by showing similar out-of-plane contour plots between the FEA and the DIC result.Electronics 2020, 9, x FOR PEER REVIEW 9 of 13 
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Figure 12. Drop response of the bare PCB (0.8 mm thickness) with fixture I: (a) Displacement with
respect to time, (b) out-of-plane deformation contour plot for FEA and DIC test results.

Second, from FEA simulation of the PBA (0.6 mm thick PCB) with fixture I, the maximum principal
stress location is compared with the failure location. As a result, the PBA deflects the most at 0.55 ms
after shock impact is applied, and the out-of-plane displacement contour and the principal stress
distribution for the package 2O are shown in Figure 13. The maximum stress occurs around Cu pad of
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the PCB at the corner of the package 2O which means the failure mode is identical to that shown in
Figure 9. Therefore, the 3D FEA model for the drop test is feasible for parametric studies providing
reasonable guidelines to enhance drop reliability.
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3.2. Beam Model vs. Solid Model

Initially, 3D FEA model was built to analyze the stresses of the BGA solder joints under the drop
test. However, since we use solid model for all components, computation with the specified mesh sizes
takes about 110 h. This is because the aspect ratio is too high between the components, for instance
solder joint and PCB in our case. The mesh density was defined differently according to the dimension
of components. Also, time-step should be very small for smaller meshes. Therefore, we tried to
use spring-beam elements instead of solid element not only to achieve computational efficiency, but
also to simplify mesh generation as shown in Figure 14. Basically, a spring-beam element connects
two projection nodes at each surface (see Figure 14a), and multi-point kinematic constraints connect
the beam to the meshes (see Figure 14b). Therefore, replacing the solder joint from a 3D element
(solid model) to 1D element (beam model), can significantly reduce the aspect ratios of the elements for
entire model. The spring beam element can calculate tension and moment to replace the solid element.Electronics 2020, 9, x FOR PEER REVIEW 10 of 13 
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Table 5. Comparison of the solid element and the beam element in FEA model. 

FEA Model Solid Element Beam Element 
Minimum Mesh Size (mm) 0.003816 0.16 

Number of Element (ea) 755,288 90,507 
Time Step (ms) 3.14 × 10−7 1.86 × 10−5 

Elapsed time (s) (12 core CPU) 403,600 (113 h) 2415 (40 min) 

Figure 14. Beam model: (a) spring-beam element connection between the two surfaces, (b) multi-point
kinematic constraint.

According to the solder joints geometry, solid model and beam model are considered for element
type as shown in Figure 15. In addition, Table 5 describes the comparison between the two models
in terms of computing efficiency. Larger mesh size shortens the number of the elements that results
in dramatic reduction of the required computing time. To confirm the feasibility of the beam model,
first, the dynamic responses at the BGA package 2Owith fixture I are compared for both the models.
Figure 16 shows the comparison of the solid model and the beam model for the BGA solder joint at
0.55 ms after impact loading. The displacement contour is shown in Figure 16a. The displacement
response of the beam model almost matches that of the solid model. The discrepancy of the maximum
out-of-plane displacement was found only 0.06 mm between the two models.
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Figure 15. Solder joints modeling. (a) Solid model (3D element); (b) beam model (1D element).

Table 5. Comparison of the solid element and the beam element in FEA model.

FEA Model Solid Element Beam Element

Minimum Mesh Size (mm) 0.003816 0.16
Number of Element (ea) 755,288 90,507

Time Step (ms) 3.14 × 10−7 1.86 × 10−5

Elapsed time (s) (12 core CPU) 403,600 (113 h) 2415 (40 min)
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Next, the resulting force and the stress of solder joint is studied between the beam and the solid
models. Since the beam model produces the moment followed by the force at the spring-beam element,
the magnitude of the force is compared with the principal stress of the solid model as shown in
Figure 16b. The maximum value occurs at the corner of the package, and the stress time response
of the solid model coincides with the force time response of the beam model. Therefore, the beam
element for the solder joint array can be used to assess the drop reliability of the BGA package.

Although the beam element cannot show the amount of the stress within each solder joint, it can
provide the directional force and the moment of the beam. In fact, the solder joint undergoes repeated
tensile and compressive force during the drop test, and the joint is usually weaker under tension rather
than compression. Therefore, the maximum tensile strain of the beam element can be suggested as
the solder joint failure criteria. Using the beam model, FEA simulations for the PBA with fixtures II
and III were sequentially carried out as well. The tensile strain responses of the package 2O among the
three fixtures are compared as shown in Figure 17. The BGA package 2O with fixture I experiences the
biggest amount of the tensile strain (0.35). Fixture II experiences the average amount of the tensile
strain (0.2). Fixture III experiences the smallest amount of the tensile strain (0.03) among the three
fixtures. This also explains the characteristic life of the BGA solder joints with fixtures I, II, and III that
are 22.9, 34.2, and 159 drops to failure, respectively.
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fixtures I, II, and III that are 22.9, 34.2, and 159 drops to failure, respectively. 
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Figure 16. Solid model and beam model for the solder joint. (a) Displacement contour plots at 0.55 
ms; (b) Principal stress (solid model) and force (beam model). 

 
Figure 17. Time response of the tensile strain for all fixtures. Figure 17. Time response of the tensile strain for all fixtures.

4. Conclusions

In this paper, the drop reliability of the BGA packages on the PBA mounted with three difference
fixtures is investigated and compared from the results of the drop tests. The results were analyzed
with a Weibull plot using scale and shape factors as two parameters. In addition, dynamic responses
of 0.6 mm and 0.8 mm thickness PBA with fixture I are compared using the DIC method. In this result,
thinner PBA deflects more and has shorter characteristic life (drops to failure) under the drop impact
event. Also, when comparing the three fixtures, the BGA package jointed in the middle of the PBA
shows shorter impact life, and the failure mode mostly occurs at the most outer solder joints. This is
because more stress concentration is imposed by the repeated out-of-plane deformation. Fixtures II
and III have longer impact life compared to fixture I because of more constrains on the rigid body
motion of the BGA package 2O.

Also, FEA modeling was used to investigate the dynamic response of the PBA and experimentally
verified using the DIC method to compare the failure modes. The 3D full-field FEA model was
performed to analyze stress distributions of the solder joint where the failure occurs. Further, the simple
beam model was used for failure modeling of the solder joint array, and compared with the detailed
solid model regarding numerical accuracy and computational efficiency. The maximum tensile strain
of the beam element was chosen as a failure criterion, and compared with the resulting drop life among
three different loading conditions. It was confirmed from the dynamic response and its corresponding
strain that the simple beam model can predict the drop reliability of the solder joint array induced by
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the drop impact. Also, the beam model dramatically shortens the required computational time which
means that effective parametric study is possible to find the optimal layout of the BGA packages and
assembly conditions.
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