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Abstract: The Oh-Park methodology was proposed to overcome the limitations of Steinberg’s theory
for evaluating the structural safety of space-borne electronics and has been experimentally verified at
the printed circuit board (PCB) specimen level for various types of electronic packages, such as ball
grid arrays (BGAs), column grid arrays (CGAs), and small-outline packages (SOPs). However, it is
necessary to validate the design methodology because the PCB mounted on the housing is affected
by the elastic mode of the mechanical housing. In addition, although the validity of the existing
theory based on critical strain has been verified for horizontally mounted structures, there are cases
where PCBs are mounted vertically. Therefore, it is essential to consider the dynamic influence of the
boundary conditions of mounted electronics. In this study, electronics specimens with corresponding
boundary conditions were fabricated, and a fatigue-life test was performed. In addition, a structural
analysis using Steinberg’s theory and the Oh-Park methodology was performed, and the results were
compared with those of the fatigue-life test. The results showed that the analysis using the Oh-Park
methodology accurately represented the test results, and the validity of the Oh-Park methodology for
vertical electronics was verified experimentally.

Keywords: critical strain; space-borne electronics; random vibration; solder joint; structural safety;
bending mode

1. Introduction

Space-borne electronics are exposed to extreme vibration environments during lift-
off. The vibration environment consists of sine vibrations from the engine cut-off, shock
load due to the separation events of the launch vehicle and satellite, and quasi-static
load due to engine ignition and thrust [1-3]. The acoustic noise acting on a satellite is
transmitted to the electronics located inside the satellite structure in the form of random
vibrations [4,5]. Random vibrations cause a relative displacement of printed circuit boards
(PCBs) and the housing structure of the electronics. This can lead to the fatigue failure
of solder joints, which are the mechanical and electrical interfaces between electronic
packages and PCBs [6-11]. The failure of solder joints can lead to electrical malfunction or
even mission failure. Therefore, it is of great importance to ensure the structural safety of
solder joints because it is impossible for satellites to be repaired once they are launched
into orbit. Therefore, a highly reliable structural design methodology is required for
space-borne electronics.

In the aerospace sector, structural design has been widely used to evaluate the struc-
tural safety of solder joints based on Steinberg’s fatigue failure theory [2]. This theory

Aerospace 2024, 11, 562. https:/ /doi.org/10.3390/aerospacel1070562

https://www.mdpi.com/journal/aerospace


https://doi.org/10.3390/aerospace11070562
https://doi.org/10.3390/aerospace11070562
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0003-2161-7272
https://doi.org/10.3390/aerospace11070562
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace11070562?type=check_update&version=1

Aerospace 2024, 11, 562

20f 18

enables the estimation of the allowable relative displacement between the PCB and the
electronic package exposed to vibration excitation. Steinberg proposed the design criterion
of 20 million cycles for random vibrations guaranteed when the maximum displacement
does not need the allowable value estimated by Steinberg’s empirical formula. To date,
space industries and organizations have actively utilized Steinberg’s theory to evaluate
their electronics designs. One of the major advantages of Steinberg’s theory is that it allows
the use of a simplified form of the finite element (FE) modeling technique for electronic
packages using equivalent beams or rigid link elements [12]. The board displacement pre-
dicted based on the modeling technique was reasonably accurate for the design evaluation.
The use of this technique reduced the time and effort required to construct the FE model of
electronics with numerous packages compared with the detailed modeling technique that
models the actual configuration of the package and solder joints in detail [13,14]. However,
several recent studies have reported theoretical limitations of Steinberg’s theory [15-18].
First, the fundamental assumption of Steinberg’s empirical formula is that the four edges
of a PCB are simply supported and have an ideal half-sine mode shape. This can lead to an
inaccurate evaluation of electronics with complex mode shapes owing to the asymmetrical
fasteners or stiffeners. Second, a relative position factor in Steinberg’s formula, which
defines the position of the package on the PCB, renders the calculated margin of safety
(MoS) excessively high as the package mounting area becomes closer to the edge of the PCB.
Third, the design criterion of 20 million cycles for random vibration is too conservative
compared with the total number of fatigue cycles accumulated on space-borne electronics
from on-ground testing to launch. These limitations cause the mechanical overdesign of
electronics, increasing their mass and volume.

Park et al. [19]. proposed a PCB critical-strain-based structural design methodology,
called the Oh-Park methodology, to overcome the theoretical limitations of Steinberg’s
theory. The Oh-Park methodology compensates for the limitations of Steinberg’s theory
in the following ways. First, it evaluates the structural safety by the strain in the solder
ball region of the PCB, which means that the PCB does not have to be an ideal half-sine
mode shape. Second, this methodology eliminates the error-causing factors in Steinberg’s
empirical formula by calculating the MoS based on the PCB strain instead of the board
displacement to evaluate the structural safety of space-borne electronics. Third, the design
criterion is estimated based on the total number of fatigue cycles for the electronics subjected
to the on-ground tests and launch, thereby minimizing the overdesign of the electronics. To
validate the Oh-Park methodology, PCB specimens with various packages and boundary
conditions were fabricated to perform a fatigue-life test, and the results were compared
and analyzed with the structural analysis results [19-21].

The Oh-Park methodology includes not only a method for evaluating the structural
safety of solder joints based on the critical strain of PCBs but also a simplified FE modeling
technique that is efficient in terms of time and effort when performing structural analysis.
Park et al. [19-21]. proposed an optimal modeling technique for geometrical characteristics,
such as the length of solder joints and number of solder balls, by performing trial-and-error
studies for different numbers of nodes in highly integrated electronic package models,
such as ball grid arrays (BGAs), column grid arrays (CGAs), and small-outline packages
(SOPs). PCB specimens with electronic packages were fabricated, and fatigue-life tests
were performed for various mounting locations of the electronic packages to verify the
effectiveness of the methodology and simplified modeling method. The fatigue-life test
results were compared and analyzed with the PCB strain-based structural analysis results
using a simplified modeling technique. Thus, the effectiveness of the FE modeling technique
and structural design methodology for a variety of highly integrated electronic packages
was experimentally verified at the PCB specimen level.

In the aforementioned studies, the Oh-Park methodology was validated only at the
PCB-specimen level. In addition, a housing structure was applied to protect the internal
PCB for electronics used in the industrial field. In this case, the application of Steinberg’s
theory led to inaccurate results when evaluating the structural safety of solder joints in
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electronic packages because PCBs exhibit complex mode shapes influenced by the elastic
modes of mechanical housing [5]. Therefore, Park et al. [22] performed fatigue-life tests on
electronics with various types of packages mounted on a PCB under numerous boundary
conditions to verify the effectiveness of the critical-strain-based methodology, including
conditions where the elastic mode of the housing occurred. Furthermore, they compared
the Oh-Park methodology-based structural analysis results with the test results.

Previous studies on the validation of this methodology have been performed for cases
in which PCBs are mounted horizontally. However, it is common for PCBs to be verti-
cally mounted in the housing when electronics are carried on a satellite [23]. Spaceborne
electronics—especially those comprising numerous sub-modules or high-heat generation
components—prefer the vertical mounting method on the satellite panel. This strategy
improves the thermal control of electronics as the heat paths from sub-modules to the
base panel are shorter compared to those mounted horizontally. Vertical electronics are
subjected to severe bending behavior due to the boundary condition of being attached to
a satellite panel with a single fixed end. Furthermore, they are more vulnerable due to
the lack of contact surfaces that can reduce the bending behavior of the PCB out-of-plane
direction. However, the structural design techniques for vertically mounted electronics
have not been studied before. In vertical electronics, the complex mode shape due to the
combination of the global bending mode and the local PCB mode can result in even larger
errors. Therefore, it is essential to validate the application of the Oh-Park methodology
for the structural design of electronics with vertically mounted PCB and its corresponding
boundary conditions.

In this study, electronic specimens were fabricated in housing with a vertically mounted
PCB to verify the effectiveness of the Oh-Park methodology under the aforementioned
conditions. Additionally, fatigue-life tests were performed at different mounting locations
of the electronic package. The MoS and time to failure (I'TF), which were calculated using
a simplified modeling technique for electronic packages and verified in a previous study,
were compared with the fatigue-life test results. Furthermore, a structural safety evaluation
using Steinberg’s theory was performed and compared with the fatigue-life test results,
confirming that the critical strain-based Oh-Park methodology was more representative of
the test results.

The remainder of this paper is organized as follows. Steinberg’s theory and the
Oh-Park methodology for evaluating structural safety are presented in Section 2. The
fatigue-life test results are described in Section 3. A structural analysis using simplified
modeling techniques and validation of the Oh-Park methodology through a comparative
analysis with the fatigue-life test results are presented in Section 4. Finally, the conclusions
of this study are presented in Section 5.

2. Design Methodology

Steinberg’s fatigue failure theory has been widely used as a structural design technique
for space-borne electronics since it was proposed in the 1970s. This theory calculates the
maximum allowable displacement based on the relative displacement between an electronic
package and a PCB board when the PCB is subjected to repetitive bending behavior in a
random vibration environment. The empirical formula for the allowable displacement is
derived by assuming that the four corners of the PCB board are simply supported and is

calculated as follows:
0.0284d

Zallow = CT\E

where C denotes the package constant for the electronic package, and each electronic
package has a different value depending on the layout of the solder balls and lead wires
and the manner in which they are mounted on the PCB. For example, 1.0 for a dual-in-
line (DIP) package, 2.25 for a leaded ceramic chip carrier package (LCCC), and 1.75 for a
surface-mounted ball grid array. Here, t denotes the PCB thickness, r denotes the position
factor of the electronic package on the PCB, L denotes the length of the electronic package,

(mm), 1)
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and d denotes the length of the PCB parallel to the package. The calculated MoS was
used to evaluate the structural safety of the solder joints of the electronic package using
the allowable displacement of the PCB, calculated using Equation (1), and the maximum
displacement (Z;,4x) of the PCB was derived from the structural analysis. The MoS was
calculated as follows:

Zall
MoS=—"%% _ _1>0, 2
¢ FoS X Zyax @

where the factor of safety (FoS) denotes the safety factor of the MoS, typically with values
of 1.25, 1.5, and 2.0. The European Cooperation for Space Standardization (ECSS) rule
specifies the minimum FoS value for each structure [24]. The MoS should always be greater
than 0. A positive MoS value indicates that the solder joints of the electronic package will
not fail within the design criterion of 20 million cycles.

Steinberg’s theory has theoretical limitations because it is derived from the funda-
mental assumptions mentioned above. Space-borne electronics have various boundary
conditions owing to their complex fixation points and stiffeners. Consequently, they cannot
have an ideal half-sine mode shape. Therefore, the Z,j;,,, value calculated using Equation
(1) exhibited the following errors: complex mode shapes causing ambiguities for determin-
ing the d-factor, which represents the length of the PCB parallel to the package, resulting
in positive or negative evaluations of the MoS value. The r-factor, which represents the
position of the electronic package on the PCB board, Z,j;,, could be overestimated for elec-
tronic packages closer to the edge of the PCB. This may cause inaccurate structural safety
evaluations and lead to unnecessary increases in clamping forces or the use of additional
stiffeners. Consequently, the accumulated thermomechanical fatigue life of solder joints can
be reduced, and the volume and weight of space-borne electronics can be increased. Despite
these theoretical limitations, Steinberg’s theory is still being actively applied. However,
the need to develop highly reliable space electronic structural design techniques to design
small, lightweight satellites is growing with the emergence of a new space paradigm.

Park et al. [19]. proposed the Oh-Park methodology to overcome the limitations of
Steinberg’s theory and achieve fast and accurate structural safety evaluations based on the
PCB strain. In this methodology, structural safety was evaluated using MoS calculations
in the same manner as Steinberg’s theory but using ¢; and ¢),,,, instead of Zj1o, Zimax- €c
is the critical value of the principal strain in the PCB in-plane direction, and is expressed
as follows:

€c (u — strain), 3)

-5

CvL
where { denotes the allowable PCB in-plane strain, which is substituted by deleting the
error-causing factor in Equation (1). ¢ is calculated as follows:

7= g x {1900 — 300 x log (£)}, @

where ¢ denotes the strain rate of the PCB, which is the value of ¢, per unit time. ¢y,
represents the in-plane principal strain of the PCB. ¢,,,, and ¢ are calculated as

2
€ rms + € rms € rms — € rms :
Spmax = 3 X - 2 y + \/( k 2 y ) + (Sxyrms>2) (P[ - Stram)/ (5)

€ = 27T X €p,.. X fn (4 — strain/s, (6)

respectively, where ey, and ¢, denote the in-plane normal strains, and ¢y, _denotes
the root mean square (RMS) value of the in-plane shear strain. ¢;,,,. is calculated using the
RMS values of normal and shear strains based on the 3o value of the Gaussian distribution
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of random vibration [25]. The RMS value is derived through FE structural analysis. Finally,
based on the previously calculated ¢, and ¢;,,,, values, MoS is calculated as follows:

—-1>0, (7)

where DF denotes a factor that complements the FoS applied in conventional Steinberg’s
theory to prevent the overestimation of the MoS. This factor is based on the TTF; calcu-
lated in terms of the actual fatigue accumulation instead of the design criterion of 20 million
cycles. TTFy, is derived based on Minor’s hypothesis that the accumulated damage to
structure is linearly related to the stress or strain in the elastic region [26].

TTFreq = () Tc-q+) Ts/s—a+ ) Tr) x FoSyuy, (8)

DF — Norg Lo _ 2 x 107 1/b ©)
~ \ ey  \TTFreq x60 % f)

where ) Tc_g and }_ Ts/s_ 4 denote the sums of the fatigue times in the electronics level
qualification and satellite system level acceptance tests, respectively; ) T} denotes the sum
of the fatigue time based on the fatigue experienced in the actual launch environment,
which is equivalent to 4 min of fatigue exposure to the full acceptance level (-3 dB) [27];
FoSy; ¢ denotes a safety factor for the TTF and is set to 4, which is recommended for metallic
materials in the ECSS rule [28]; 1oy denotes the design criterion of 20 million cycles from
Steinberg’s conventional theory; DF can be expressed as the exponent of the ratio between
the fatigue life of 20 million cycles and actual fatigue life of the electronics; and b denotes
the fatigue exponent of the solder material. The value of 6.4 for the Sn37-Pb63 solder, which
is an experimental value calculated from the stress cycles (S-N) fatigue curve with a stress
concentration factor of 2, is presented in Steinberg’s textbook [2].

Park et al. [19-21] proposed a simplified FE modeling technique using rigid link
elements and a zero-dimensional (0D) lumped mass to reduce the time and effort required
to perform a structural analysis using FE models. A 0D lumped mass is a method for
simulating the mass of a physical system by assuming that it is concentrated at a single
point, allowing electronic components to be implemented through connections to the nodes
of the PCB board using rigid link elements. The number of nodal points in the modeling for
the CGA, BGA, and SOP packages was determined through trial and error by considering
the number and shape of the solder joints for each electronic package. The simplified
modeling technique was based on substituting the electronic package with an equivalent
0D lumped mass that was modeled to be located at the package’s center of gravity (CoG).
In addition, the solder joints were modeled as rigid link elements. This modeling technique
has significant advantages in terms of time and effort compared with detailed modeling by
avoiding the modeling of all package bodies and individual solder joints when performing
iterative trial-and-error studies in the early electronics design phase.

PCBs are mounted on mechanical housing structures in space-borne electronics, and
the elastic modes of the housing can affect the modes of the PCB. Therefore, it is es-
sential to consider the dynamic behavior of the housing when evaluating the structural
safety of electronic-package solder joints. In a previous study, Park et al. [22] performed
fatigue-life tests on PCBs with various electronic packages mounted in housing under
different boundary conditions to experimentally validate the proposed methodology at the
electronics level.

However, most electronics with a large number of modules or high-heat dissipation
are designed in the form of vertical PCB modules and mounted on the external side of the
spacecraft. Figure 1 shows a high-speed digital receiver unit (HSDRU) developed for a
space-borne synthetic aperture radar, which is a typical example of electronics attached
to a satellite in a vertical direction from the ground [23]. It is mounted vertically in a
multilayered insulation (MLI) tent with a radiator outside the spacecraft panel owing to the
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electronics applying a field-programmable gate array (FPGA). It is a high-heat dissipation
component owing to its high-speed signal processing operations; therefore, the electronic
is mounted vertically so that the heat is radiated to deep space rather than conducted to
the satellite.

Mother Board
& Cover

PSD(R)
X

DRX2(P)

DRX2(R)

Temp. Sensor
_ Heater DRXI(P)

PSD(P)

Radiating
Plate

Figure 1. Examples of electronics mounted vertically from the ground (HSDRU) [23].

In the case of horizontally mounted electronics, the mounting surface acts as a rigid
barrier, reducing the response level in the out-of-plane direction, which is the main direction
of the bending behavior. In contrast, the vertical electronics mounting strategy has distinct
differences from horizontal electronics in terms of the structural behavior of the launch
environment. The out-of-plane vibration on the PCB is dominant in causing solder joint
failure. In the case of horizontal mounting, the mounting surface of the electronics and
the base panel surface are in contact. This means that the vibrational response of the
electronics in the out-of-plane direction of the PCBs can be reduced due to the presence
of the base panel, which acts like a mechanical barrier. In addition, a higher response
reduction can be expected if thermal interface materials like thermal gap pads or Sigraflex
layers are applied between the surfaces of the electronics and the base panel. On the other
hand, in the case of vertical mounting, the out-of-plane direction of the PCB becomes
equal to one of the in-plane directions of the electronics. This means that the vibration
reduction caused by the base panel cannot be expected anymore. Additionally, the mode
shape of the PCB becomes even more complex than in the horizontal mounting case due
to the combination of the global bending mode of the sub-modules and the local modes
of the PCBs themselves. This complexity in the combination of mode shapes is less likely
in the horizontal mounting case. Figure 2 shows a difference between horizontally and
vertically mounted electronics. Due to the characteristics described above, predicting the
mechanical safety of the solder joint for the vertical mount case is far more difficult than
for the horizontal mounting case. In this regard, it cannot be guaranteed that the Oh-Park
methodology provides a reliable prediction of solder joint safety in the vertical mounting
case for the electronics. Therefore, it is essential to validate the effectiveness of the Oh-Park
methodology in vertically mounted electronics.

The analysis of vertical electronics is essential for the development of future electronics
with highly integrated and high-heat dissipation components for advanced space missions.
In this study, an electronics specimen with a corresponding boundary condition was
fabricated to validate the Oh-Park methodology under a vertically mounted PCB boundary
condition, and a fatigue-life test was performed. The test results were compared with the
results of the structural analysis using Steinberg’s theory and the Oh-Park methodology.
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Main Excitation Direction

(PCB Out-of-plane Direction)
—

Bending Behavior
of Electronics

Main Excitation Direction
(PCB Out-of-plane Direction)  Horizontal PCB

Fixed by Bolts Vertical PCB Fixed by Bolts

Satellite Panel
(Act as Mechanical Barrier) (Cannot Act as Mechanical Barrier)

Satellite Panel

Figure 2. Schematic representation of the difference between horizontally and vertically mounted
electronics.

3. Fatigue-Life Test of Electronics Specimens

An electronics specimen with a vertically mounted PCB and a single fixed-end bound-
ary condition was fabricated to validate the effectiveness of the Oh-Park methodology. The
specimen was intentionally designed to demonstrate the elastic bending behavior of the
housing caused by the boundary condition, as shown in Figure 3. An FR-4, a composite
composed of woven fiberglass cloth with an epoxy resin binder, was used to fabricate
a PCB board with an area of 125 x 125 mm? a thickness of 1.8 mm, and eight fixation
points. The electronic package applied to the specimen was the plastic ball grid array
(PBGA) 928 package (Amkor Co., Ltd., Tempe, AZ, USA), which was selected because it is
considered vulnerable to failure in a launch vibration environment owing to its relatively
large size and heavy weight (6.76 g) compared with typical packages. In addition, PBGA
packages, which are BGA-type packages, are widely used in microelectronic packaging
technologies owing to their advantages of low cost, high input/output density, and good
electrical performance [9,29]. The specifications of the PBGA928 electronic package are
listed in Table 1. As shown in Table 1, the PBGA928 package consisted of 928 solder balls
made of Sn63-Pb37. A dummy package with a daisy-chain type was used to verify only the
mechanical failure of the solder balls through fatigue-life testing.

Mechanical
housing

Electronic
package
(PBGA928)

(125%125mm, 1.8T)
(a) (b)
Figure 3. Configuration of electronics specimen ((a) isometric view and (b) exploded view).

Figures 4 and 5 show the package mounting locations for each case. In actual electron-
ics, the relative positions of the fixation points and packages are diverse, which affects the
fatigue life, depending on the mounting position of the package. To consider the impact of
the boundary conditions between the package and fastening parts, specimens were created
for the three different cases. Cases 1, 1-1, and 1-2 set the package at the center of the PCB,
between the edge and center of the PCB, and closer to the edge of the PCB, respectively.
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Table 1. Specifications of the PBGA928 electronic package.

Item Specifications

Manufacturer

Amkor Co., Ltd. (Tempe, AZ, USA)

Configuration

- Material: Sn-Pb37

Solder ball - Solder pitch: 1 mm
- No. of solder balls: 928 EA
- Array type: perimeter

- Type: daisy-chained (dummy package)
- Dimensions: 40 x 40 x 2.3 mm? (incl. solder balls)

Package o1 !
- Composition: BT substrate with mold
- Weight: 6.76 g (incl. solder balls)
O res O O
(125 125mm)
Case 1
45mm Package
© Case 1-1 ©
27.5mm Package
Case 1-2
lo |  Package
mm 45mm
27.5mm
O I 10mm O O

Figure 4. Configuration of each PCB specimen according to package-mounting location.

Figure 5. Configuration of PCB for the fatigue-life test.

An example of a daisy-chain connection in the PBGA928 package is shown in Figure 6.
The daisy-chain resistance measurement method was applied to detect the failure of the
electronic package during the fatigue-life test. This method is useful for packages with
many solder balls because it measures resistance by connecting all solder balls from a
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package in a single line. The measured resistance value increased if one solder ball was
damaged, and failure could be detected in real-time during the test. The failure of solder
joints occurred when at least 1.2 times the initial value of the daisy-chain resistance was
detected five times in a row according to the IPC-9701A standard [30].

E I T T T R PO O N TR TN S N S IR
D T T T O S O N R R R R R R R R

BELEREEESRRGABE T CT VAR ANEGON OO OW S

AW

+ V-
Figure 6. Example of daisy-chain circuit for the PBGA928 package.

The fatigue-life test was performed with one fixed end so that the bending behavior
could be accurately observed according to the boundary conditions of the specimen. The
setup of the fatigue-life test is shown in Figures 7 and 8. An integration jig was used to
ensure that the specimens vibrated along the primary excitation axis, where the bending
mode appeared. An interface was designed in the housing to connect the harness of the
daisy-chain resistance measurements to the DAQ. Additionally, an accelerometer was
attached to the integration jig to accurately measure and control the input PSD during
random vibration excitation. The input-power spectral density (PSD) of the random
vibration was 20 Grms at full level, as listed in Table 2, where Grms is the RMS value of
acceleration, which represents the magnitude of vibration. The 20 Grms input level exceeds
the vibration levels that electronics typically encounter in actual launch environments.
However, to measure the failure time of the specimens in fatigue-life testing, a higher value
was used to induce specimen failure.

= o =
P H Accelerometer !

Electronics (Input ctrl.)
specimen

Daisy-chain
resistance meas. I/Fs

Figure 7. Fatigue-life test setup for electronics specimens.
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Integration jig
Mechanical housing ™, PCB specimen
e Daisy-chain
Vibration shaker ~—

‘ SH resistance meas. I/Fs
(z-axis excitation)

—_——
Figure 8. Schematic of the fatigue-life test setup.
Table 2. Specifications of random vibration input.
Frequency (Hz) PSD (g?/Hz)
20 0.091
60 0.273
1000 0.273
2000 0.069
Overall (full level (0 dB)) 20 Grms

The resistance values measured through the daisy-chain were obtained using a data
acquisition device (DAQ) (DAQ6510, Keithley Co., Ltd., Cleveland, OH, USA). The mea-
surement accuracy of the DAQ was 1072Q) or less, and the sampling rate was set to
1.7 samples/s, which is considered to be suitable for detecting the failure of solder balls in
real-time. The test was performed until the electronic package inside the housing satisfied
the failure criteria of the solder joint. The TTF of the specimen in each case was measured
by exciting the electronics with the input PSD described above. The TTFs in the fatigue-life
test are listed in Table 3, and the daisy-chain resistance of the electronic package is shown
in Figure 9. The test results showed that Case 1-1 was the first to fail at 37.75 s, followed by
Cases 1 and 1-2 at 44 and 84.84 s, respectively. The above test results were used to validate
the Oh-Park methodology for the boundary conditions, where the PCB was vertically
mounted in the housing and affected by the bending behavior.

2.4 T T
FRE N 151 : .
ase 1- H
":3 failed at 37.75s i e
o P I Case 1-2
% 224 r ! S failed at 84.84s .
*@' Case 1 !
% failed at 44s i
= 216 [ R
g ENY
_= - ™~
P 2.08 i
2 : : —
(]
2 { == Casel
Case 1-1
i i Case 1-2
1.92 L 1
0 20 40 60 80

Time (s)

Figure 9. Daisy-chain resistance of electronic packages.
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Table 3. TTFs measured in the fatigue-life test.

Case TTFest (s)
1 44
1-1 37.75
1-2 84.84

4. Verification of Structural Design Methodology

A PBGA928 package, which is a BGA-type package with solder balls/columns ar-
ranged as a 2D array, was used in this study. The electronic package was implemented using
simplified modeling techniques established by trial and error in previous studies [19-21].
In addition, a rigid link element was used with nine nodal points, three constrained transla-
tional degrees of freedom (3 DoF), and a 0D lumped mass, as shown in Figure 10.

@ : Nodal points connected by rigid link elements
A : 0D lumped mass element
it ¢ Electronic package mounting area

Figure 10. Simplified modeling of the PBGA928 package.

For PCBs, 2D shell elements (Tri3, Quad4) were used to create a model with a smaller
mesh density to limit the DoF of rotation and enable a more accurate prediction of the PCB
strain compared to that of three-dimensional (3D) solid elements. The mesh size of the
electronic package mounting area was set to 1.35 mm, which was the length of the package
body divided by the number of solder balls on one side of the package. The remainder of the
PCB was meshed with a size of 1.5 mm. The housing structure was constructed using Tet10,
a 3D solid element in the shape of a tetrahedron with 10 nodes. In the case of the boundary
condition of the test specimen, the housing structure was integrated with a jig, and the bolting
points were modeled by applying a rigid body element (RBE2) that constrained the 6 DoF of
translation and rotation. An example of the FE modeling of electronics (Case 1) is shown in
Figure 11, where modal and random analyses were performed to evaluate the structural safety
of electronics based on the Oh-Park methodology. In addition, the Oh-Park methodology was
validated by comparing the results of structural analysis using Steinberg’s theory.

Modal analysis was performed using the FE model based on the above modeling
technique. The shapes of the 1st mode that most affected the housing and PCB for each
case are shown in Figure 12, and the 1st to 3rd natural frequencies for each case are listed
in Table 4. In Figure 12, the end of the housing structure is colored red, meaning that the
largest displacement occurs in this area. All electronics cases exhibited global bending
behavior in the first mode, and the elastic modes of the housing were mixed in the PCB.
Furthermore, the solder joint of Case 1-1, where the electronic package was located at
the edge of the PCB, failed in a shorter time than that of the electronic package of Case
1, owing to the influence of the modal shape of the package mounting area. Among the
natural frequencies derived from the mode analysis, the first natural frequency was the
most vulnerable because it generated the largest displacement in electronics. Therefore, the
fn values in Equations (6) and (9) were applied to the first natural frequency of each case to
evaluate the structural safety of the electronics using the Oh-Park methodology.
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Mechanical Housing 3 translational DoF
(3D solid element) constraints (8EA) PCB

(2D shell element)

6 DOF fixations for Electronic package
boundary conditions (4EA) mounting area

Figure 11. Example of FEM of an electronics specimen.

: Package location

(b)

(0)

Figure 12. First modal shapes of housing and PCB of specimens for each case ((a) Case 1, (b) Case 1-1,
and (c) Case 1-2).

A comparison of the predicted fatigue lives from testing and structural analysis was
performed to demonstrate the validity of the Oh-Park methodology for electronics with a
vertically mounted PCB, as shown in Figure 13.
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Table 4. Analyzed values of f, for each case of electronics (1st-3rd modes).

Case Mode Frequency (Hz)
1 340.11
1 2 540.94
3 950.27
1 341.19
1-1 2 594.68
3 980.35
1 34143
1-2 2 697.95
3 980.59
@ TTF,.q (Steinberg’s theory)
@ TTFpeq (Oh-Park methodology)
EH : Excessively High
10° ¢ : : ®
n : | ;
a ’ 1
JT ) S S -
2 e | |
g i a |
E 100 e S — B b -
.8 E | | 1
g [TTE,., = 561 min ! |
= | | |
) ! ! |
w 10 g—————- T———————————— qm———————————— F————— —
) | | E
: | |
1 _______________________________________ —
l
0.1 | | |
Case 1 Case |-1 Case 1-2

1 TTE.¢q = 56.1 min (survival in test and launch)
T : Tolerance range of TTFpreq
(Range: Average of TTF;.5 X 0.25~ X 4.0)

Figure 13. Comparison of TTF st and TTFp,.y estimated using the Steinberg and Oh-Park structural
design methodologies.

The structural safety of the electronic package solder joints was evaluated using MoS
calculations, and Equation (7) was applied to the calculations. For Steinberg’s theoretical
analysis, the predicted fatigue life (TTF,.4) was calculated using the power-law-based
equation of the S-N curve, which is expressed as follows:

b
TTF preq = Ne X <Z‘*”0w> X ( 7 i 60) (min), (10)

Zmax

where N, denotes 2 x 107, which is the number of random vibration cycles in Steinberg’s
conventional theory. TTF ., using the Oh-Park methodology, was calculated as follows:

b
€allow 1 :
TTF = N, 2 _— . 11
pred c X (Emax ) X (fn » 60)(mm) 11

The solder joints for the electronic package were composed of Sn-Pb37; thus, the value
of b was 6.4.

As mentioned above, ¢ is used to calculate ¢, in the Oh-Park methodology, and
Equation (6) is substituted with the first natural frequency obtained from the modal analysis.
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€p,uax 18 calculated by averaging the RMS nodal strains of the cornermost QUAD4 element
in the package that derives from random analysis. DF is derived from TTF,¢; by applying
Equations (8) and (9), and TTFy, is shown in Table 5.

Table 5. Estimations of TTF ., for solder joints in test and launch processes.

Step Factor Value Remarks
No. of tests per each test level N 3 Each level in 3 axis
Fatigue exponent for solder joint b 6.4 For solder/lead frame material
T_ 1248 0.00007 —12dB
T _9qB 0.0007 —9dB
Damage of vibration tests at each test level T_¢aB 0.006 —6dB
T _348 0.11 —3dB
Toas 2 0dB
n e
Duration of a single test (min) b 1.00 For accept. test
(=3dB)
to 2.00 For qual. test (0 dB)
Eqv. time for qualification test (comp. level) YTcq 6.35 -
Eqv. time for qualification test (5/S level) Y Ts/s-A 6.35 -
Eqv. time for launch (S/S level) YTL 1.32 E%Vé;?si‘;%i;iﬁ
Duration of launch random vibration (min) tL 4.00 For launch
FoS w.r.t. required fatigue life (min) FoSyy 4 Referred ECSS-E-ST-32C
Required fatigue life for solder joint (min) TTFyeq 56.1 -

The structural safety of the electronic package solder joints was evaluated by calcu-
lating the MoS for each factor. The estimated MoS values for the tested specimens are
listed in Table 6, demonstrating that the results of the two structural design techniques
are completely opposite. The MoS values calculated using Steinberg’s theory showed
a positive margin, whereas those calculated using the Oh-Park methodology showed a
negative margin. In the test, the specimens in all cases failed within a TTF,¢; of 56.1 min,
showing that the Oh-Park methodology with negative MoS was more representative of the
test results than Steinberg’s theory.

For the TTF ;4 based on Equations (10) and (11), Steinberg’s theory-based fatigue life
was predicted to be approximately 600 to 140,000 times larger than that in the actual test,
ranging from 2.6 x 10% to 1.2 x 107 s. In contrast, the Oh-Park methodology yielded more
accurate predictions, with a difference of only 1.010-3.146 between the predicted and test
lives. A difference of 3.146 times is a minor error in predicting the fatigue life of electronics
because metallic materials, such as solder joints, are subject to large manufacturing or
testing tolerances and correlation errors between FE modeling and testing.

Steinberg’s theory predicted that the lifetime of Case 1-1 would be longer than that
of Case 1, which was the opposite of the test results. However, in the case of the Oh-Park
methodology, structural safety was evaluated based on the dynamic characteristics of the
electronics, as shown in Equation (6). Therefore, the failure sequences of Cases 1 and
1-1 were also reasonably predicted, owing to the mode shape. From this perspective, the
effectiveness of the Oh-Park methodology-based structural safety evaluation was validated
for electronics with vertically mounted PCBs. Furthermore, the Oh-Park methodology was
proven to be more accurate than Steinberg’s theory.
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Table 6. Estimated MoS values for the tested specimens using the two methodologies.
Steinberg’s Theory
Margin of Safet TTF Test
Case 8 y Results
‘ Zllow Zyax DF MoS TTFp,eq TTFtest Diff. btw. TTF
(mm) (mm) (s) (s) (times)

1 1.000 0.176 0.105 1564 0.070 26,418.342 44.000 600.417 Failed
1-1 0.818 0.215 0.094 1562  0.459 190,403.176 37.750 5043.793 before
1-2 0.468 0.375 0.086 1562 1.800 12,320,128.894 84.840 145,216.041 TTFreq

Oh-Park Methodology
Margin of Safet TTF (TTFye; = 56.1 min) Test
Case & y reg Results
€ Ec €pmnx DF MoS TTFPred TTFtest Diff. btw. TTF
(p-strain/s)  (u-strain)  (p-strain) (s) (s) (times)

1 620,268.132 84.405 290.255 1564 —0.814 21.600 44.000 2.037 Failed
1-1 652,988.619 80.920 304.599 1562 —0.830 12.000 37.750 3.146 before
1-2 551,243.375 92.402 256.957 1562 —0.770 84.000 84.840 1.010 TTFreq

5. Conclusions

This study applied the Oh-Park methodology to evaluate the structural safety of space-
borne electronics based on the PCB strain. Furthermore, the effectiveness of a PCB mounted
vertically in the housing was validated. Conventional structural design techniques cannot
be applied to vertically mounted PCBs because the elastic modes are significantly affected
by the bending behavior of the housing, which is fixed at only one end. Therefore, the
main goal of this study was to apply the Oh-Park methodology, which was validated for
horizontally mounted electronics and vertically mounted electronics. To this end, vibration
tests were performed on electronic specimens that were intentionally designed to represent
bending behavior. The results of the TTF,ss were compared with the MoS and TTFp,.;
values derived from the Oh-Park methodology and Steinberg’s conventional theory. The
MoS calculated based on Steinberg’s theory showed positive values, unlike the test results
where the solder joints failed before TTFy,;. However, the MoS values of all the specimens
calculated using the Oh-Park methodology were negative, which reasonably represented
the test results. In the case of TTF, Steinberg’s theory showed significant differences and
did not predict the failure sequence in each test case. However, the estimation of the
failure time using the Oh-Park methodology showed only minor differences that were
acceptable, considering the tolerance levels of fatigue-life testing. Furthermore, the failure
sequence of each case in the test could be accurately predicted by considering the dynamic
characteristics of the structure to evaluate structural safety. The results prove that the Oh-
Park methodology provides a faster and more accurate structural safety evaluation than
that of Steinberg’s theory, even for a PCB with vertically mounted boundary conditions.
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Abbreviations and Magnitudes

PCB Printed circuit board

FE Finite element

MoS Margin of safety

FoS Factor of safety

BGA Ball grid array

PBGA Plastic ball grid array

CGA Column grid array

SOP Small-outline package

DIP Dual in-line package

LCCC Leaded ceramic chip carrier

Zallow Allowable displacement

Zimax Maximum displacement

ECSS European Cooperation for Space Standardization
€ Critical value of PCB strain

€D a PCB in-plane principal strain

¢ Allowable PCB in-plane strain

€y PCB RMS strain of x-direction

€Yy PCB RMS strain of y-direction

€ Strain rate of PCB

DF Design factor

fn Natural frequency

TTF Time to failure

TTFyeq Required time to failure

TTF preq Predicted time to failure

TTFtest Measured time to failure through test
YTc_o Sum of the fatigue time in the electronics level qualification test

Y. Ts/s—a Sum of the fatigue time in the satellite system level acceptance test
Sum of the fatigue time based on the fatigue experienced in the actual

LT launch environment

FoSyy Safety factor for the time to failure

Torg Original fatigue cycles of Steinberg’s theory
Treq Required fatigue cycles of ground environment test and launch
CoG Center of gravity

S-N Stress—number of cycles

g Gram

RMS Root mean square

Grms Root mean square value of acceleration
DAQ Data acquisition

PSD Power spectral density

DoF Degrees of freedom

RBE2 Rigid body element 2
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