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Finite Element Modeling of System Design and
Testing Conditions for Component Solder Ball
Reliability Under Impact

Xuejun Fan and Amarinder Singh Ranouta

Abstract—In this paper, the effects of system design and
testing conditions on the dynamic behavior of solder balls of
components are studied through finite element analysis. The
current JEDEC drop test board (JESD22-B111) is used as a
baseline model. The model is then extended to several new
configurations, which consider the effects of major component
placement, secondary component attachment, and drop orienta-
tions at system level. Some findings are summarized as follows.
There exists a region near the mounting support, where the
board bends in the opposite direction as the board in the center.
This localized bend mode causes excessive stresses in solder balls
for the components close to the mounting support areas. The
attachment of a secondary component on the opposite side of
a major component has different effects: symmetric placement
can reduce the stresses in the major component. However, the
off-centered placement gives rise to the additional stresses in
solder balls on the far edge of the major component, and
therefore can lead to a higher failure rate. Components respond
differently under 0° (face-down) and 180° (face-up) horizontal
drops, respectively, as the magnitude of tensile and compressive
stresses in one vibrational period is not symmetric. In addition,
horizontal drop may be the worst drop orientation for solder ball
damages, compared to the other drop orientations. The vertical
(90°) drop has very limited damages to solder balls. The above
findings and predictions have been verified experimentally. The
results provide insight to the system- and board-level designs in
product development.

Index Terms— Drop test, finite element analysis (FEA), impact,
reliability, solder ball, system design.

I. INTRODUCTION

ROP TEST performance has been one of the key package

reliability indicators for portable applications. A board-
level drop test standard, JESD22-B111, has been published
by the Joint Electronic Device Engineering Council (JEDEC)
for the components used in handheld electronic products
[1]. This allows the evaluation of component (or package)
performance under a fixed board and testing condition. There
have been numerous studies at component level on the effects
of structure, material, and geometry of components [2]-[10].
Component performance at board and system levels, how-
ever, becomes even more complicated, since there are many
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additional factors: the size and thickness of printed circuit
board (PCB), major component locations, the placement of
secondary components (either on the same or opposite side
of PCB), and the enclosure design are the examples of these
factors at board and system levels. In addition, during real-life
drops, a device may experience different impact orientations.
Not only the magnitude of dynamic stress/strain but also the
dominant stress/strain component in solder balls is affected by
the impact orientation [5], [11].

Owing to the lack of experimental methods/tools for
measuring stress/strain of solder balls, finite element modeling
has been employed to study the failure mechanism of solder
balls under drops. The so-called input-G method, in which the
board-level model is analyzed using the drop table acceleration
as input loading, decouples the board finite element model
from the system model [12]. There are several approaches
in implementing the input-G method. Tee et al. [3] used
explicit dynamics analysis by directly applying acceleration
impulse using DYNA-3-D. Syed et al. [6] introduced the large
mass method to convert acceleration input into force input by
multiplying the acceleration with a large mass with implicit
dynamics. Irving et al. [13] proposed the input-D method, in
which the acceleration input is integrated twice to obtain the
displacement boundary condition over time. Loh et al. [14]
used mode superposition method for a linear system under
impact loading. Shen ef al. [15] and the authors of [7]-[10],
[16], and [17] introduced the direct acceleration input method
as an alternative to apply the impulse loading while removing
the rigid body motion. In this method, the acceleration impulse
is applied as body forces to the problem under study. To reduce
the size of finite element model in terms of CPU usage, several
special treatments, such as equivalent layer models for solder
interconnects [16], shell element in global models [6], solid-to-
solid submodeling technique using half PCB board [7], [16],
shell-to-solid submodeling using beam-shell-based quarter-
symmetry models [17]-[21], and shell-to-solid submodeling
without any assumption of symmetry [22], have been devel-
oped. The accuracy of the local modeling (or submodeling)
technique has been verified by the comparison of board strain
calculations from both global and local models [16].

In this paper, the effects of system design and testing
conditions on the dynamic behavior of solder balls of compo-
nents are studied through finite element analysis. The current
JEDEC drop test board model is extended to several new
configurations. Wafer-level packages (WLPs) (copper post
structure) with different sizes are applied. The effects of
major component placement on the board are studied first,
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by changing the distance between the corner components and
mounting support locations. Then the effect of secondary
components attachment is investigated. Three scenarios to
consider the effects of both relative position and size of the
secondary components are simulated. Finally, the effects of
drop orientation are analyzed. Component face-down (0°) and
face-up (180°) in horizontal drops, as well as vertical drop
(90°) are investigated.

II. BOARD CONFIGURATIONS AND TESTING CONDITIONS

In this paper, the JESD22-B111 drop test board is used
as a baseline model. This model is extended to several new
configurations to investigate the effects of board- and system-
level designs and testing conditions.

A. Major Component Placement

According to JESD22-B111, a 132 mm x 77 mm x 1 mm
eight-layer PCB is used, and 15 components are mounted
on the board, in 3 rows of 5 components, as illustrated in
Fig. 1. Based on the symmetry, the 15 components, which
are uniquely labeled from Ul to U135, are classified into five
groups (Groups A to E). They have distinct failure rates due
to the difference in locations. All components must be located
within the 95 mm x 61 mm area, and the outer edges of the
components (U1 through U6 and U10 through U15) shall align
with the boundary of this area. The locations of four mounting
screws are specified at a distance of 5 mm in both x- and y-
directions from the edge of corner components (Group A: Ul,
U5, Ull, and U1S5), regardless of component size. Mounting
screws not only provide the support for the test board but also
serve to transmit the impact energy from system to board.

In this paper, the effect of the distance from corner
component to the mounting screws is studied. To keep
the fundamental frequencies of the system consistent with
the original JEDEC drop test board, the dimensions of the
board and the spans between the mounting holes in x- and
y-directions remain the same when screw distance from the
corner components changes. Fig. 2 shows the geometry of the
quarter part of the modified JEDEC board. With screw dis-
tance (D1) changing, the distances between two consecutive
components (labeled as A and B) change accordingly.

B. Placement of Secondary Components

Often secondary components are assembled to the system
board in the proximity of a major component on the opposite
side of PCB. In this paper, three scenarios are defined to study
the effects of both the size and location of the secondary
components. Fig. 3 shows the front view of the three scenarios.
In scenarios 1 and 2, the secondary components are aligned
in the center beneath each major component. The size of
the secondary component is smaller than the major one in
scenario 1, but greater in scenario 2. Since the component
placement is symmetric for both cases, only half the models
are shown in Fig. 3(a) and (b). For scenario 3, a large
secondary component is placed off-centered with respect to the
major component. In this case, the model is not symmetric, and
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Fig. 3. Three scenarios of the secondary component attachment.

(a) Secondary component is smaller than the major component. (b) Secondary
component is larger than the major component. (c) Larger secondary compo-
nent is placed off-center relative to the major component.

therefore the full model should be used. We will investigate
the solder ball stresses in these three scenarios compared to
that without the placement of any secondary components.

C. Drop Orientations

JESD22-B111 standard uses horizontal drop with com-
ponents face-down (0°) as the testing condition, as shown
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in Fig. 4(a). In real-life drops, system board may experience
different impact orientations. In this paper, components face-
up in a horizontal drop (180° rotation) [Fig. 4(b)], and a
vertical drop (90° rotation) [Fig. 4(c)], are studied.

III. FINITE ELEMENT MODELS

The details of finite element analysis are referred to the
previous papers [7]-[10], [16], [17], [23]. Global and local
finite element modeling techniques are applied in this paper.
In the global finite element model, the symmetry conditions
are applied whenever it is possible to reduce the problem size.
A local finite element model is developed at any desired loca-
tion of the components on the board. Under impact loading, the
corner solder balls in a component are usually most vulnerable
to crack. Therefore, those solder ball(s) in the local model are
created with all necessary information and the refined meshes.
Since the primary failure is at the intermetallic layer of solder
balls [2], a fixed thickness layer of elements is used at the
critical solder ball upper interface to capture the stresses at
interface throughout all simulations. Linear elastic implicit
dynamic analysis is applied in this paper.

IV. RESULTS
A. Effects of Major Component Locations

Fig. 5 shows the global finite element models of the quarter
board assembly, with varying distances D1 of 3-9 mm (from
the edge of corner component to the mounting hole with
respect to x- and y-directions), respectively. As D1 increases,
the components on the board move away from screw mount
and are “squeezed” toward the center of board.

Fig. 6 shows the local finite element model with refined
meshes for a corner ball: the outer most corner on the right
side, which is expected to be most critical. The local model
can be at any locations, for example, at Ul or U8 positions.

Fig. 7(a) plots the peeling stress history of the critical solder
ball in the corner component Ul for 12 x 12 array packages
(0.5-mm pitch, 6 mm x 6 mm package size). It clearly shows
that the distance D1 has a significant impact on the solder
ball stress, which monotonically decreases with the increase
of D1. The closer the component Ul is placed to the screw
hole, the higher the stress is. Fig. 7(b) shows the peeling stress
history of the critical solder ball in the center component US.
Four curves almost coincide with each other. This implies that
the ball stress in U8 stays almost the same regardless of D1.
This is probably due to two reasons: 1) the distance from
U8 to mounting hole does not change when D1 varies and
2) component U8 is so far away from the mounting hole that
the mounting constraint has a negligible effect on the center
component.

Fig. 8 plots the maximum peeling stresses with different
D1 for a package size of 3 mm x 3 mm, 6 mm X 6 mm,
and 10 mm x 10 mm, respectively. For these three WLP
sizes, the maximum peeling stress at Ul is very sensitive to
the distance D1, and the stress decreases exponentially with
the increased distance. As expected, the maximum peeling
stress in U8 stays approximately the same regardless of D1
for each package size. From those figures, it is observed that
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Fig. 4. Drop orientations. (a) Horizontal drop with components face-
down (0°). (b) Horizontal drop with components face-up (180°). (c) Vertical
drop (90°).
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Fig. 5. Global finite element models of the quarter test board with varying
distance D1 (D1 as denoted in Fig. 2). (a) D; = 3 mm. (b) D = 5 mm.
(¢) Dy =7 mm. (d) D =9 mm.

Fig. 6. Local finite element model with refined meshes for the critical solder
ball.

beyond certain distance, the stress in Ul is lower than that in
U8, suggesting that the center component may fail before the
corner component. As mentioned previously, JEDEC standard
specifies a 5-mm distance between the corner component and
the nearest mounting screw. For small-size WLPs [3 mm X
3 mm and 6 mm x 6 mm in Fig. 8(a) and (b)], stress in Ul
is higher than U8, but the results are opposite for large-size
WLPs [10 mm x 10 mm in Fig. 8(c)]. Experimental data have
verified the shift of failures from Ul to U8 when package
size increases [2]. Fig. 8 suggests that a 6-mm distance
seems to be the crossover point for all package sizes. Beyond
6 mm, the stress caused by mounting constraints on the corner
components will be less significant.

Further, Fig. 9 plots the PCB board x-component strain
at the corners of Ul and US, respectively. It shows that
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Fig. 7. Peeling stress of the critical solder ball with varying DI.

(a) Component Ul. (b) Component US.

the bending at Ul is in a reversed mode compared to the
bend direction at U8. The localized PCB bend mode near
the mounting hole causes excessive stresses in solder balls
if the component is not far enough away from it. Fig. 9 shows
that with D1 = 5 mm, the bending strain of the board at U1 is
greater than U8. This has also been validated by experimental
data [2].

These results suggest: 1) excessive stresses appear in the
solder balls for the components placed near the mounting
screws, and the closer the component is placed, the greater
the stress is; 2) board bend near the mounting hole is in an
opposite direction compared to the PCB bend at the center;
3) in a real system board design, the components should be
placed far enough away from the mounting holes wherever
possible, and it is recommended that 6 mm of the distance
may be a reference value; and 4) the solder ball stress always
increases with package size for the components placed in the
center of the board.

B. Effects of Secondary Components

Finite element analysis is conducted to investigate the
effects of the secondary components attachment. The JEDEC
drop test board design without any secondary component
placement is used as the baseline model. Fig. 10 shows the
detailed information of the local finite element models for
scenarios 1 and 2, as defined previously in Fig. 3. In this
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Fig. 8. Maximum peeling stresses in Ul and U8. (a) 6 x 6 array. (b) 12 x
12 array. (c) 20 x 20 array packages, with varying Dj.

paper, 12 x 12 array WLP (6 mm x 6 mm) are used as major
components. Since the primary interest of this paper is the
solder ball stress/strain of major components, the secondary
component is simplified as a block with an effective modulus
and mass density, as shown in Fig. 10.

Fig. 11 shows the results of finite element simulations for
scenarios 1 and 2, compared to the results without secondary
component placement. It is interesting to see that when the
secondary component is smaller than the major one, the
peeling stress of critical solder balls is reduced only slightly.
The drop life in this case is expected to stay approximately
same or slightly better than in the reference case where there
is no secondary component. However, when the size of the
secondary component is greater, the solder ball peeling stress
is significantly reduced for both Ul and US. This means,
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the drop performance can be greatly improved. For a smaller
secondary component attachment, it does not affect board
bending outside the major component, therefore the solder
ball stresses are reduced only slightly. However, for a larger
secondary component, board strain in the proximity of corner
balls of major components is reduced significantly due to local
stiffening. This suggests that a larger component mounted and
aligned in the center beneath the major component in system
board is beneficial to the solder ball drop performance.

Now let us consider scenario 3 when the secondary
component is mounted off-center with respect to the major
component. Fig. 12(a) shows a zoomed-in front view of the
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Fig. 12. Finite element model detail for scenario 3. (a) Zoomed-in global
finite element model. (b) Local finite element model.

global finite element model for the size and position of the
secondary component in scenario 3, defined in Fig. 3(c). Again
12 x 12 array wafer-level packages (6 mm x 6 mm) are
used as major components, and the secondary components of
12 mm x 12 mm are placed beneath the central columns of
U3, U8, and Ul1, with partial overlap. Fig. 12(b) is the detail
of the local finite element model, in which both corner balls
are made with refined meshes due to the nonsymmetry.

Fig. 13 shows the contour plot of peeling stress in all solder
balls for U8 in scenario 3. The baseline model results are
also included in this figure for comparison. It shows that
the stresses in solder balls on the left corner are consider-
ably reduced due to the presence of secondary component.
However, on the right side, solder ball stresses are greater
than the baseline model results. Fig. 14 further shows the
maximum peeling stresses of the left corner ball, right corner
ball, and baseline model results. The increase of stress on the
right-hand side in solder balls is probably due to the local
bending enhancement by the secondary component. This may
be viewed as some constraints placed on U8 to give rise to
excessive stresses on the right, which is similar to the effect
of the mounting hole.

Fig. 15 shows the solder ball crack maps from an experiment
of a test board with a large BGA mounting offset from
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Fig. 15. Solder ball crack map for U8 in scenario 3.

WLP (scenario 3). There is more damage on solder balls next
to WLP right edge, which is away from the BGA mount.
Experimental results are well aligned with finite element
analysis presented above.
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C. Effects of Drop Orientations

1) Component Face-Down (0°) Versus Face-Up (180°) Drop
Orientations: JESD22-B111 standard uses component face-
down as a test condition, which refers to the board side with
components in the direction of drop, as shown in Fig. 4(a).
It is of interest to understand the difference due to a different
component orientation. Experiments have observed that the
failure rate for center component (Group F) is higher in face-
down drop. However, corner Group A fails much earlier in
face-up drop [2]. This implies that drop test reliability varies
with component orientation. To explain the difference, finite
element analysis with JEDEC test board for 12 x 12 array
WLPs is performed. Fig. 16 plots the strains in x-direction at
components Ul for both face-down and face-up drops. Since
the same point (1 mm x 1 mm away from component Ul
edge on the board side with components) is used in calculating
board strain, Fig. 16 shows exactly the “mirrored” results for
board strain due to the symmetry of loading for 0° versus 180°
drop. The peeling stresses in solder ball also show the similar
pattern, as in Fig. 17.

Solder ball fracture during horizontal drop is dominantly
caused by peeling stress (tensile stress) due to PCB bending.
From the above results, it can be seen that tensile stress in
0° drop becomes compressive in 180° drop, and verse visa.
Fig. 18 shows the maximum peeling stress in U8 and Ul on
JEDEC drop test board for face-up versus face-down drop. It
shows that the maximum tensile stress at U1 is greater in face-
up drop, while the maximum tensile stress at U8 is greater
in face-down drop. These data explained the experimental
observations well.
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Fig. 19. Tllustration of solder ball damages for component face-down and
face-up configurations.

Solder balls experience tensile stress when the board
bends away from the component. For component
face-down drop, the critical solder balls experience tensile
stress when the board has positive curvature. On the other
hand, for component face-up drop, the critical solder balls
experience tensile stress when the board has negative
curvature. The board bending during drop is illustrated in
Fig. 19. Corner and center components are depicted in the
figure for both component face-down (dark color) and face-up
(light color) drops. The board bends downward first (first
peak bend), and then upward (second peak bend) in the
first period. During the first peak bend mode, the board has
positive curvature in the middle and negative curvature near
mounting holes, and it is opposite at the second peak bend
mode. The vibration attenuates afterward. For component
face-down drop, the center component experiences tensile
stress at the first bend when the board center has negative
curvature. The corner component experiences peeling force
and cracks initiate at the second bend when the board near
mounting screws has negative curvature. For the component
face-up drop orientation, on the other hand, the solder ball
crack initiates at the second bend for center component, and
at first bend for corner component. Since the board bending
magnitude is greater at the first bend than the second bend,
the corner component solder joints see higher maximum
peeling stress in the face-up orientation. Therefore, the corner
components fail faster in face-up drop.
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2) Vertical Drop (90°) Orientation: During a horizontal
drop (either 0° or 180° drop), the impact energy is converted
to the strain energy of the board assembly in the form of
bend, as illustrated in Fig. 19. Board bend induces the stresses
in solder balls. Wong et al. [24], [25] studied an extreme case
when the board is rigid enough, and found that stresses in
solder balls are insignificant. Now let us turn our attention to
a vertical drop, as defined in Fig. 4(c). It should be noted that
in this configuration, the impact energy is mainly converted
to the strain energy of the board assembly in the form of
compression or extension in vertical direction. Since the
components on the board are rather small and light compared
to the board, board bending due to component mass is almost
negligible. It is expected that shear stress becomes dominant in
causing solder ball failures. Fig. 20 plots the strain component
of the board in drop direction near component Ul. It can be
seen that the magnitude of the strain is three orders less than
the board strain in a horizontal drop. Fig. 21 plots the shear
stress in the critical solder ball at Ul, in which the peeling
stress (or normal stress to the board plane) is not shown, since
the peeling stress is an order lower than the shear stress. Even
the magnitude of the shear stress in this figure is much less
than that in a horizontal drop. This implies that a very limited
damage can be induced during a vertical drop for solder balls.
Chong et al. [5] conducted an experiment for vertical drop
based on JEDEC drop test board. No solder ball failures were
observed after 150 drops.

These results suggest that: 1) 0° or 180° drop may be
the worst drop orientation for solder ball damages. In this
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configuration, excessive board bending is induced to cause
significant stresses (in tensile form) in the solder balls;
2) package performs differently for 0° versus 180° drop, since
the magnitude of tensile and compressive stresses in one
vibrational period is not symmetric and location dependent;
and 3) the vertical drop generates very limited damage to the
solder balls. The impact energy in a vertical drop is converted
to the strain energy of board in in-plane compression and
extension. Such deformation is very limited compared to board
flexing. In a vertical drop, shear stress is dominant to cause
solder ball failures, but the magnitude of the shear stress is
orders less than that in a horizontal drop.

V. CONCLUSION

The placement of major components, the effect of
secondary components attachment, and the drop orientations
were studied in this paper to investigate the component
behavior at board and system level under impact loading.
Near the mounting screws region, there exists a reversed
board bend mode with respect to the bend mode in the center.
This localized bend mode causes excessive stresses in solder
balls for the components close to the mounting screws. It is
recommended that the components are placed far enough (e.g.,
6 mm based on JEDEC test board dimension) to avoid high
stresses. The attachment of a secondary component beneath
a major component has different effects on major component
reliability: symmetric mounting can reduce the stresses in the
major component, in particular, when the size of the secondary
component is greater. However, the off-centered mounting
gives rise to the additional stresses in solder balls on the far
edge of the major component, and therefore can lead to higher
failure rates. Components respond differently under 0° (face-
down) and 180°(face-up) horizontal drops, since the magnitude
of tensile and compressive stresses in one vibrational period
is not symmetric. In addition, horizontal drop may be the
worst drop orientation for solder ball damages, compared
to the other drop orientations. The vertical (90°) drop has
very limited damages to solder balls. The findings and
predictions were verified experimentally. The results provide
insight to the system and board-level designs in product
development.
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