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ABSTRACT

A Study on PCB Strain-based Structural Design Methodology for

Reliable Design Evaluation of Spaceborne Electronics

by Park, Tae-Yong
Advisor: Prof. Oh, Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

The role of the spaceborne electronics is to provide the functions required for operating
the satellite system during on-orbit mission. For a successful space mission, ensuring a
mechanical safety on the solder joint under a severe launch random vibration environment is
important because it is one of the major causes of failure in spaceborne electronics.

In space engineering field, Steinberg’s fatigue failure theory has been widely used as a
structural design methodology for spaceborne electronics under a launch vibration
environment. This theory guarantees the fatigue life on solder joint more than 2 x 107 cycles
for random vibration if the maximum printed circuit board (PCB) displacement is limited to
the allowable value estimated by Steinberg’s empirical formula. However, this theory has
theoretical limitations as it was created under assumption of rectangular PCB with simply
supported boundary conditions on the edges of the board. This leads to less reliable results of
mechanical safety evaluation on solder joint caused by the inaccurate estimated allowable
displacement when PCB exhibits complex mode shapes owing to asymmetric board

configurations, irregular constraints, or presence of stiffeners. In particular, the inaccuracy in
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allowable board displacement incurs excessively positive evaluation results in case when the
package is located at the position closer to the edge of the board. In addition, design criterion
of 2 x 107 cycles for the random vibration provides an excessive margin compared with the
accumulated damage during on-ground vibration tests and launch of the electronics. These
drawbacks have led to structural overdesign of electronics by providing excessive margins on
the fatigue life of solder joints. To sum up, it is very unlikely that the Steinberg’s theory
provides reasonable evaluation results on solder joint in some cases of PCB configuration,
whereas it’s design criterion could provide too conservative margin on the fatigue life of solder
joint much more than necessary. However, the Steinberg’s theory has been inevitably used for
the electronics design because there was no alternative solution thus far.

In addition to the Steinberg’s theory, various life prediction theories were also proposed
and investigated for reliable prediction of fatigue life of solder joints under random vibration
environment. However, these theories require a detailed finite element model (FEM), which
reflects the actual configurations of the package and solder joints. The use of detailed FEM,
of course, is effective to accurately estimate the solder stress or strain response under given
vibration loading. However, the construction of the detailed FEM would be extremely time
and effort-consuming for implementing the analysis model of entire electronics with various
types of packages. Collecting information on the geometries and material properties of each
package is also difficult and exhausting task.

For the structural design methodology to be practically used for the design of spaceborne
electronics, it shall provide more reliable results on the mechanical safety on solder joint
compared with the Steinberg’s theory. In addition, it requires much more rapid FEM
construction and analysis compared with the detailed FEM used for the conventional life
prediction theory. Therefore, in this study, a novel concept of a PCB strain-based structural

design methodology was proposed to make up for the drawbacks of the conventional Steinberg
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theory. The proposed methodology is based on the margin of safety (MoS) calculation with
respect to the PCB strain, which thus enables to eliminate the theoretical limitations of
Steinberg’s theory. This ensures the reliable evaluation on the mechanical safety of solder joint
under random vibration. In addition, the proposed methodology calculates the MoS based on
the number of fatigue cycles accumulated during test and launch phases, which thus can solve
the problem of excessively conservative margin on the fatigue life. In this study, the FEM
modeling technique of electronic package, which provides a reliable and rapid solution to the
structural design of electronics, was proposed and investigated. The structural design
methodology proposed in this study, including the package modeling technique, is named as
“Oh-Park methodology”.

To wvalidate the effectiveness of the proposed structural design methodology, we
fabricated the sample PCB assemblies with electronic packages mounted on various boundary
conditions of the boards. The fabricated samples were exposed to the random vibration
environment to assess the fatigue life of solder joints. In addition, the mechanical safety on
the solder joint of the tested samples were evaluated through the analysis using the proposed
methodology. Moreover, the effectiveness of the proposed methodology was also evaluated
with respect to various types of packages such as plastic ball grid array (PBGA), ceramic
column grid array (CCGA) package and quad-flat package (QFP). All of the comparisons
between the test and analysis results presented in this study indicated that the proposed Oh-
Park methodology is effective as reliable and rapid solution on the structural design of

spaceborne electronics.

Key Words: Spaceborne Electronics, Random Vibration, Solder Joint, Mechanical Safety,

Structural Design Methodology
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I. Introduction

The advances in semiconductor and electronic packaging technologies have driven the
trends in space engineering, as other fields such as automotive, home electronics, and medical
engineering [1-2]. As a result, the mission capability of a satellite has been continuously
advancing. In addition, the bulky packages developed in earlier generation have been replaced
with highly integrated electronic packages, because launch cost is proportional to the total
mass of a satellite. Surface mount-type packages, such as a ball grid array (BGA) and small
outline package (SOP) shown in Fig. I-1, are typical examples of these packages, and they
have been widely used for various space missions [3-6]. These packages have higher
component density and many more electrical connections within a smaller package size
compared to conventional through-hole mounting-type packages. Therefore, they enable the
implementation of a higher functional performance, and efficiently use the accommodation
area of the printed circuit board (PCB) installed in the electronics.

Figure I-2 shows the typical launch and ascent process of the launcher. Spaceborne
electronics experience severe mechanical loads during lift off [7]. These loads involve a
steady-state acceleration owing to engine thrust, sinusoidal vibration caused by engine cutoff,
and self-excited vibration called the pogo effect owing to the combustion instability of the
launcher, random vibration caused by noise of the thrust, and mechanical shock caused by the
separation of the launcher stage and spacecraft. Among these effects, electronics are
particularly susceptible to failure under random vibration because a relative displacement
between the package and PCB due to the repetitive bending behavior of the PCB incurs a
fatigue fracture on the solder joint of electronic packages, which connects the package to the

PCB [8]. In addition, highly integrated electronic packages such as ball grid array (BGA) and
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column grid array (CGA) packages have been increasingly applied to enhance the
functionality and performance of spaceborne electronics. However, it is known that the solder
joint configurations of these packages are more vulnerable to fatigue failure compared with
former developed packages such as pin grid array (PGA) and dual in-line packages (DIP).
Therefore, a suitable structural design for spaceborne electronics, using a reliable design
methodology, is crucial for successful missions.

Various methodologies have been proposed to predict the mechanical reliability of the
fatigue life of a solder joint under random vibration [10-29]. Most of them are based on a
finite-element analysis (FEA) to determine the stress and strain responses from the critical
solder joint under the given mechanical load condition, and a theoretical approach to estimate
its fatigue life. Figure I-3 shows the example of fatigue life prediction approach using detailed
FEM. Yu et al. [10] developed a methodology to evaluate the fatigue life on SAC305 and
SACA405 solder joints of a BGA package under random vibration based on the vibration tests
and FEA. The results of fatigue life prediction on the solder joint using rainflow cycle counting
and Miner’s rule agreed with the experimental results. Wong et al. [11] developed a fatigue
life prediction model for a BGA solder joint under random vibration using the empirical
formula derived from the universal slopes produced by high-cycle fatigue test data. To
consider different levels of acceleration response during random vibration, this formula was
combined with a three-band technique derived from a Gaussian distribution. Wu et al. [12]
developed a methodology for estimating the fatigue life of a BGA solder joint under random
vibration by using Basquin’s power-law fatigue damage model and a linear superposition
method of Miner’s rule. Its effectiveness was validated by comparison of the fatigue life
prediction results with the results obtained using a commercialized software of CALCE PWA.

By using a similar method, Mathew et al. [13] performed fatigue life assessment on the
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electronic unit of a solid rocket booster for space shuttle under random vibration, to determine
the number of future mission in which the unit can be used without failure. For the assessment,
they used vibration time history obtained during the actual flight as an input data of FEA. In
all, considerable researches on the fatigue life prediction theories on the solder joint have been
performed.

However, these previously proposed methodologies have some limitations in terms of
reliability prediction on the PCB of the spaceborne electronics. This is because the
construction of a detailed finite-element model (FEM) requires increased time and effort as
the number of electronic packages increases. This makes it extremely difficult to construct a
PCB assembly with various types of packages. However, they required a detailed FEM of the
package that reflects the actual configuration of the package body and solder joint. It is
extremely time-consuming and requires considerable effort to construct and analyze the FEM,
even for a single package. As such, the analysis of entire electronics with several PCBs and
packages might be difficult in the extent of nearly impossible. Collecting information on the
detailed geometry and material properties for various types of packages might be also difficult
and exhausting task in many cases.

In addition to the fatigue life prediction methodologies, a commercial reliability and life
prediction tool of Sherlock [30] has been recently utilized for evaluating the solder joint safety
under vibration environments. Fig. [-4 shows the design and analysis process of Sherlock tool.
This physics of failure-based tool is effective to predict the fatigue life of the electronics under
the vibration environment by using the reliable life prediction methodology based on the PCB
strain and solder and lead stresses. One of the advantageous function of the Sherlock is that it
reduces the time and effort required to construct the FEM of a complex electronic PCB by

using its design file such as Gerber or ODB++ files. In addition, the inherent failure
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mechanism of the electronics can be rapidly predicted based on the physics of the failure
approach. However, even the Sherlock tool requires considerable time to construct the FEM,
because the detailed geometry and material information of the electronic packages are needed.
In particular, these PCB design files can be obtained only after the design has progressed to
some extent, rendering the use of the Sherlock tool less efficient in the initial design stage of
the electronics.

Due to the limitations of conventional methodologies described above, Steinberg’s
fatigue failure theory [8], proposed in the 1970s, has been also widely used as a structural
design methodology for spaceborne electronics. This theory was developed to ensure more
than 2 x 107 fatigue cycles for solder joints under random vibrations if the maximum
displacement of a printed circuit board (PCB) is limited to the allowable value estimated by
the Steinberg’s empirical formula. A major advantage of this theory is that the board
displacement can be estimated with reasonable accuracy even if the finite element model
(FEM) of electronic package with solder joints is simplified using equivalent beam or rigid
link element [31-32]. This is an efficient approach in terms of the time and effort required to
construct and analyze the FEM of electronics, especially when numerous tradeoff studies are
required to determine the final design. Therefore, several previous studies evaluated
electronics using Steinberg’s theory with finite element-based structural analysis [32-38]. Jung
et al. [32] evaluated the mechanical reliability on a remote drive unit under launch random
vibration based on Steinberg’s theory. In addition, this theory was used for investigating the
mechanical reliability of electronic PCBs for CubeSat applications [33] and the electronics for
military applications [34]. In all, many studies have presented the analysis results on the
mechanical safety or fatigue life of solder joint under vibration using Steinberg’s theory.

However, some recent study [39] reported the theoretical limitations of Steinberg’s theory,
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which lead to difficulties in reliable evaluation of electronics. Steinberg’s empirical formula
was established based on the assumption of a simply supported rectangular PCB having an
ideal mode shape of a half-sine wave. This assumption simplified the formula derivation;
however, it caused an error in the estimated allowable displacement as the package mounting
position was closer to the edge of the board. In addition, this formula cannot represent the
complex mode shape of the PCB due to the presence of stiffeners on the board, an asymmetric
board shape, or irregular locations of board fixation points. These drawbacks have made the
Steinberg’s theory to be inevitably used in space programs, despite its theoretical limitations,
as no alternative solution have been provided thus far.

Another limitation of the conventional Steinberg’s theory in its application as a practical
design methodology for spaceborne electronics is that the design criterion in the MoS
calculation provides too much margin on the fatigue life of solder joints. This problem has
arisen due to the fact that the criterion of 2 x 107 cycles was not established specifically for
the spaceborne electronics but for the automotive, defense or other applications. In general,
spaceborne electronics are exposed to random vibrations not only in the launch phase but also
in the on-ground vibration tests prior to launch. Nevertheless, the total number of fatigue
cycles accumulated on the solder joint during both the test and launch phases could be much
smaller than the design criterion of 2 x 107 cycles used in the previous methodologies. The
problem is that the above criterion is still being used in the previous methodologies without
modification. This is a significant factor for the excessive margin on the fatigue life, which
leads to structural overdesign of electronics.

A recent new space trend has driven the development of small satellites weighing less
than 500 kg to ensure cost-effective space programs [40-44]. The increased demand for LEO-

based services, earth observation imagery and analytics facilitates growth of small satellite
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market as shown in Fig. I-5. To develop a low-cost small satellite, a crucial factor is the
reduction in mass and volume of on-board instruments, most of which would be electronics.
For this, the development of a design methodology that contributes to preventing the structural
overdesign of electronics might be necessary. In addition, one of the important factors
associated with the satellite development cost is the fabrication of multiple development
models to enable strict design validation prior to the actual flight. An engineering-qualification
model (EQM) of electronics is typically not used as a flight model (FM) owing to the stress
accumulated on the hardware during the qualification level of the environmental tests [45].
However, the applicability of an EQM as FM could be favorably considered if the structural
safety of the solder joint considering the total amount of fatigue damage accumulated during
the tests as well as the flight is ensured by a reliable design methodology. If this is realized, it
could be a feasible development approach for implementing low-cost satellites in new space
era; these are the commencing points of this study.

In this study, to make up for the drawbacks of the conventionally used Steinberg’s theory,
we proposed a novel PCB strain-based structural design methodology that enables more
reliable evaluation on the mechanical safety of solder joint in the initial structural design stage
of spaceborne electronics. The failure mode evaluated by the methodology proposed in this
study involves the fatigue failure of solder or lead frame induced by the random vibration
excitation. The proposed methodology evaluates the mechanical safety of a solder joint based
on the margin of safety (MoS) calculation with respect to the PCB strain occurred at the
mounting location of electronic package. To validate the effectiveness of the proposed
methodology, we fabricated the PCB samples with BGA and SOP packages mounted on the
various locations of the board. These samples were exposed to the random vibration

environment to evaluate the solder joint fatigue life. The effectiveness of the PCB strain-based
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methodology was validated by comparing the fatigue life of the tested packages and MoS of
solder joints estimated from various analysis approaches. These works were first step of this
study.

The second step of this study is to solve the problem of excessive margin on the fatigue
life due to the design criterion proposed by Steinberg. For this, we also proposed a
methodology to calculate the MoS in accordance with respect to the required time to failure
(TTEF,¢q) for solder joint survival during on-ground test and launch phases. The proposed
approach prevents the structural overdesign of electronics by the original criterion used in
previous methodologies.

In this study, the FEM modeling technique for electronic package based on the strain-
based theory, which provides a reliable and rapid solution to the structural design of
electronics, was also investigated for application in the proposed methodology.

The structural design methodology proposed in this study, including the FEM modeling
technique, is named the Oh-Park methodology. To validate the effectiveness of the proposed
methodology, sample packages mounted on the PCBs with various boundary conditions were
exposed to a random vibration environment to assess the fatigue life of solder joints. These
test results were compared with the MoS calculated using the proposed methodology with
various FEM modeling techniques. In this study, to ensure the reliability of the proposed
methodology, the validation was performed with respect to various types of packages such as
plastic ball grid array (PBGA), ceramic column grid array (CCGA) package and quad-flat
package (QFP). These validation results indicated that the Oh-Park methodology proposed in
this study is effective for reliable and rapid evaluation on the structural design of spaceborne

electronics under launch random vibration environment.
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The present study describes the validation results of the “A Novel PCB Strain-based
Structural Design Methodology for Reliable and Rapid Design Evaluation of Spaceborne
Electronics” and proceeded as followings:

The chapter II describes the limitations of conventional Steinberg’s theory in evaluating
the structural design of spaceborne electronics.

The chapter III introduces the PCB strain-based structural design methodology and
differences in comparison with the conventional Steinberg’s theory. In addition, the validation
results of the proposed methodology based on the fatigue life test results of PCB samples with
PBGA388 packages are described.

The chapter IV introduces the PCB strain-based structural design methodology for rapid
design evaluation of spaceborne electronics and its validation results based on the test results
of PCB samples with PBGA388 packages. In addition, the validation results with respect to
the other types of electronic packages are described.

The chapter V provides concluding remarks of this study.

The chapter VI describes the future works for practical use of the proposed structural

design methodology in actual space programs.
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Il. Research Background

A. Limitation of Conventional Steinberg’s Theory

Since the development of Steinberg’s theory in the 1970s, it has been widely used in
space programs for evaluating the solder joint mechanical safety under a launch random
vibration environment [8]. Steinberg proposed an empirical formula to estimate the allowable

PCB displacement, Z4jow, as follows:

0.00022B
Zallow = i 1-1)

where B is the length of the PCB parallel to the electronic package; C is a constant for
different types of electronic packages, which was developed through numerous analyses and
tests; t is the thickness of the PCB; and L is the length of the package. r is a relative

position factor of the package mounted on the board, which is calculated as follows.
r = sin G) X sin (%) (I1-2)

where X and Y are the lengths of the PCB along the in-plane directions; and x and y are
the distances from the edge of the PCB to the center of the package, as shown in Fig. II-1.
Steinberg established the design criterion as that the solder joint can endure more than 2 x 107
fatigue cycles for random vibration if the maximum board displacement (3-sigma
displacement), Z,., is limited to be lower than Z,;oy, estimated using Eq. (II-1). The MoS

of the solder joint with regard to this criterion is described as follows.

14
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However, the theoretical limitations of Steinberg’s theory have created several technical
problems in evaluation of electronics [39]. These limitations primarily result from the
empirical formula of Eq. (1I-1), which was established based on the assumption of a simply
supported rectangular PCB having a mode shape of an ideal half-sine wave. This is because
the assumption makes it difficult to represent the dynamic deflection of a PCB having a non-
half-sine mode shape. However, the PCB often presents complicated mode shapes owing to
the asymmetric shape of the board, irregular locations of fixation points, and the presence of
stiffeners, as the example shown in Fig. II-2. The difference between these complicated mode
shapes and that assumed in Steinberg’s theory leads to a calculation error in Z ;.- The factor
r is also a major cause of the error because Z,j,, can be over-estimated as the mounting
position of the package is getting closer to the edge of the board. In addition, determining the
values for B and r in Eq. (II-1) becomes ambiguous if the PCB exhibits a non-half-sine
mode as the example shown in Fig. II-3. Moreover, the local strain effect acting on the package,
which can be caused by the presence of adjacent packages, connectors, or mechanical fixations,
is ignored if the evaluation is performed based on the board displacement using Steinberg’s

theory.
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B. Limitations of Fatigue Life Prediction Methodologies

In case of an FEM for the structural analysis of the electronics, a detailed FEM that
includes the actual configuration of the solder interface is effective for predicting the dynamic
responses of the PCB. However, constructing such FEM requires much time and effort,
especially in the case of high-density packages with BGA, SOP, and ceramic column grid
array (CCGA). In addition, the computation time increases with an increased number of finite-
element meshes by modeling the detail configuration of the solder interface. Therefore, the
use of detailed FEM has some limitations when many trade-off studies are required to verify
the effectiveness of the structural design of electronics in its initial design stage. If the package
is simplified into a rigid beam and 0D mass elements, the time and effort required to develop
the FEM can be saved. However, this incurs an unavoidable change in natural frequency and
displacement response of the PCB. In particular, this change increases with the package size,
which is one of the limitations in predicting the dynamic responses of a PCB for the
mechanical safety evaluation based on Steinberg’s theory. Therefore, a more practical
methodology is needed to evaluate the mechanical safety on the entire electronic unit
including many integrated PCBs with various electronic packages.

Regarding the above limitation, the Sherlock tool is more applicable for FEM
construction and reliability prediction of the electronics as compared to general FEA tools.
This physics of failure is effective for predicting the fatigue life of the electronics under the
vibration environment by using the reliable life prediction methodology based on the PCB
strain. Therefore, the Sherlock tool can be applied to detect the inherent failure mechanism of
the designed electronics and establish a relevant mitigation plan in its early design stage. In
addition, this tool readily constructs the FEM of the electronics based on the ODB-++ or Gerber

design files with its internal database of various electronic packages. However, even the
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1  Sherlock tool faces limitations in terms of saving the time and effort required for FEM
2 construction, because a detailed geometry and material information of the packages are
3 required to obtain proper analysis results. In addition, these PCB design files are typically
4 available only when the design has progressed to some extent. Therefore, the Sherlock tool
5  might be less efficient for reliability evaluation at the initial structural design stage of the

6 electronics.
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I11. PCB Strain-based Structural Design Methodology

A. Description of Design Methodology

To overcome the theoretical limitations of conventional Steinberg’s theory and life
prediction approaches, we proposed the use of a critical strain theory as a structural design
methodology for evaluating the mechanical safety of solder joints in spaceborne electronics.
The design methodology proposed in this study is called as “PCB strain-based
methodology”. This methodology evaluates solder joint safety in a manner similar to
Steinberg’s theory described above; however, the MoS is calculated with respect to the PCB
strain and this is important difference with the conventional Steinberg’s theory. First, a
critical value of the in-plane principal strain of the PCB with respect to the package, e, is

estimated using the formula modified from Eq. (II-1) as follows [47].
€c === (TI1-1)

where C and L are the same parameters as those used in Eq. (II-1); and { is an allowable
in-plane principal PCB strain, which replaces r and B in Eq. (II-1) to eliminate the

theoretical limitations of Steinberg’s theory. ( is calculated as follows.
2.35 .
{= - X {1900 — 300 x log(&)} (11-2)

where € is the strain rate of the PCB; & = 50,000, derived from the IPC-WP-011 document

[48]. €p ax is the three-sigma value of the root mean square (RMS) in-plane principal
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strain based on the Gaussian probability distribution of random vibration, which is described

as follows [49]:

Xrms rms Xrms — “Yrms 2 2
spmx=3><<£ ~ Sroms \/(s S} 4 () > (II1-3)

where & and g, are the root mean squares (RMS) in-plane normal strains, and
Exyrms 18 the RMS in-plane shear strain. The multiplication factor of three is applied in Eq.
(III-3) and corresponds to the three-sigma value of the RMS principal strain, considering
the probability of response occurrence based on the Gaussian distribution under random
vibration [8]. The MoS with regard to the PCB strain to meet the solder joint survival

criterion, i.e., 2 X 107 random vibration cycles, can be calculated as follows.

€c

MosS = -1 (I11-4)

FoSm X &

The Eq. (IlI-4) is a core formula associated with the novelty of the proposed design

methodology which has not been proposed previously.
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B. Methodology Validation (PBGA324 & TSSOP48)

1. Description of PBGA388 PCB Sample

In this study, the validation of proposed PCB strain-based methodology was conducted
through the comparison of the calculated MoS with the experimental results. Thus, we
fabricated a PCB sample with PBGA packages and TSSOPs with the configuration shown in
Fig. III-1. The numbers and locations of each package are also shown in the figure. Five 324-
pin PBGA packages (U1, U4, U5, U6 and U9) and four 48-pin TSSOPs (U2, U3, U7 and US)
were mounted on the PCB, which was formed of FR-4. The total mass of the assembled PCB
was 65.6 g and the dimensions were 121 mm % 107.3 mm % 1.65 mm. The boundary conditions
on the PCB included a total of 10 holes for M3 screws. In addition, a solder material of eutectic
Sn-Pb37 was used to mount these packages on the PCB considering the space heritages. Table
I11-1 lists the specifications of input random vibration for the sample test, which corresponds

to the qualification level for the spaceborne electronics.
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Fig. I1I-1 Configuration of PCB sample with PBGA packages and TSSOPs
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1 Table III-1 Specifications of PBGA324 & TSSOP48 packages

Package no.

Configuration

Properties

Ul, U4,
Us, U6, U9

Package type: PBGA

Pin count: 324

Mount type: Surface mount
Size (mm): 19%19%1.6
Mass (gr): 1.4

Solder Material: Sn-Pb37

U2, U3,
U7,U8

Package Type: TSSOP

Pin Count: 48

Mount Type: Surface mount
Size (mm): 12.5%6.1x1.1
Mass (g): 0.283

Lead material: Copper
Solder material: Sn-Pb37
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2. Fatigue Life Tests

Prior to the random vibration test, non-destructive inspections of the PCB samples
were conducted to check the manufacturing status on the solder joint. Figures I1I-2 and I1I-
3 show the representative X-ray and micro-optical inspection results for the U5 and U3
packages, respectively. The results indicated that the qualities of all solder joints were
acceptable and did not any unexpected voids and initial cracks.

In the fatigue test, two PCB samples were used for guaranteeing the reliability of the
test results. Figure I11-4 shows a test set-up for the random vibration fatigue test of the
PCB sample. An electrodynamic shaker (IMV, J260/SA78M) was used to implement the
random vibration level specified in Table 111-2. To measure the time to failure of each
package during the tests, we used the in-situ resistance monitoring method based on the
daisy-chain circuit, which connects the solder joints in series. Figures I11-5 and I11-6 show
the daisy-chain circuit applied on the PBGA package and TSSOP, respectively. A data
acquisition equipment (National Instruments, NI1-9219) was used to monitor the resistance
of each package at a speed of 50 samples/s. Considering the measurement error range of
the equipment, the initial resistance of each packages was set to approximately 50 Q by
adding additional resistors at the end of the electrical circuit. In the test, the failure criterion
on the solder joint were defined as when the daisy-chain resistance exceeded 10.5 kQ,
which is the maximum measurement limit of the test equipment.

Figures 111-7 and 111-8 show the test results of time histories for daisy-chain
resistances for the PCB samples of cases 1 and 2. The first PCB sample of case 1 was

exposed to the random vibration environment specified in Table I11-2 for 7.67 h. The
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resistance value of the U5 package was gradually increased after 5.89 h of random
excitation, and reached 10.5 kQ, which was defined as a failure on the solder joint after
7.42 h. The resistance value of the U6 package, was increased to 1.1 k. during the test.
To increase the reliability of the test results, the second PCB sample of case 2 was tested
for 16 h. The results of Fig. I11-8 indicated that the U5 package reached to failure after
6.89 h of excitation. This is almost similar to the results obtained in case 1, with a
difference of 7.14%, although the resistance variation was observed after 3.02 h. In
addition, the U6 package reached failure after 12.04 h. During the test, the other seven
packages of both PCB samples did not show any resistance variation.

Figures 111-9~111-14 show the representative SEM cross-section micrographs of the
corner-most solder joints of the tested PBGA package and TSSOPs on the second PCB
sample of case 2, respectively. None of the four TSSOPs showed any crack on the solder
joints even after 16 h of excitation, as shown in Fig. 111-9. In contrast, in the case of U5
and U6 packages, full cracks were observed along the boundary between the solder ball
and solder pad at the package side, as shown in Fig. 111-10~111-14. In addition, partial
cracks occurred at the U1, U4, and U9 solder joints, although no resistance variations of
those packages were observed during the test. This is because the resistance measurement
equipment with limited accuracy could not detect the slight variation in resistance due to
the micro-crack. To determine the time to failure on the solder joints of the tested packages,
the SEM inspections were also conducted for the case 1 sample.

Table I11-3 summarizes these results and the fatigue life on each package or both case
1 and 2 samples. The results indicated that both samples showed the same crack

propagation states on the solder joint of each package, except for the U6 package, which
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1  did not reach failure criterion in the case 1 sample. The solder cracks of U1, U4, and U9
2 packages were initiated at some point within 7.67 h of the test. In case of the U5 package,
3 the solder crack was initiated after 3.02 h in case 2. These results will be considered for
4  the mechanical safety evaluation based on the MoS calculation using various

5  methodologies proposed in this study.
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Fig. I1I-2 Representative X-ray inspection results on US BGA solder joints
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Fig. I11-3 Representative optical inspection results on U3 TSSOP solder joints
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1 Table III-2 Specifications of random vibration (20 Gms)

Frequency (Hz) PSD acceleration (PSD, g*/Hz)
20~60 +3dB/oct
60~1,000 0.273
1,000~2,000 -6dB/oct
Overall 20 Gims
2
3
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2 Fig. I11-9 SEM micrographs on solder joint of U2 package of PCB sample #2
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2 Fig. III-11 SEM micrographs on solder joint of U4 package of PCB sample #2
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2 Fig. I1I-12 SEM micrographs on solder joint of US package of PCB sample #2
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2 Fig. I11-13 SEM micrographs on solder joint of U6 package of PCB sample #2
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2 Fig. I11-14 SEM micrographs on solder joint of U9 package of PCB sample #2
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1 Table III-3 Summary of crack propagation state and time to failure on each package

Package
no. Crack. TTF (h) Crack. TTF (h)
propagation propagation
Ul Partial crack <7.67 Partial crack <16
U2 No crack >7.67 No crack > 16
U3 No crack >17.67 No crack > 16
U4 Partial crack <17.67 Partial crack <16
us Full crack 7.42 Full crack 6.89
U6 Partial crack <7.67 Full crack 12.04
u7 No crack >17.67 No crack > 16
U8 No crack >17.67 No crack > 16
U9 Partial crack <7.67 Partial crack <16
2
3
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C. Mechanical Safety Evaluation

To find a more practical structural design methodology for electronics in the structural
design phase, we proposed evaluation approaches to assess the mechanical safety on the solder
joint of various packages as shown in Fig. III-15; these were derived from the MoS
calculation based on Steinberg’s theory and the PCB strain-based methodology, respectively.
In this study, FoSy,=1.11 was used for the MoS calculation. This value is equivalent to a
safety factor of 2.0 in the fatigue life for the Sn-Pb37 solder [8].

As a first step for evaluating the effectiveness of our proposed methodologies, we
constructed a detailed FEM for the PCB sample, as shown in Fig. III-16. The MoS of each
package was calculated based on the displacement and strain responses predicted from the
random vibration analysis with the random input profile specified in Table I11-2. In addition,
the calculated MoS was compared with the fatigue test results described in Table I11-3. Here,
the methodologies based on Steinberg’s theory and the PCB strain-based methodology are
named as STT-RV-1 and CST-RV-1, respectively.

In the analysis, the detailed FEM reflects the actual configuration of the package, solder,
solder pad and lead frame. The model consists of 738,995 nodes, 496,906 CPENTA elements,
84,764 CHEXA elements, and 20 rigid link elements. As the boundary condition, six degrees
of freedom (DOFs) were constrained on the screw holes of the PCB. Table II1-4 lists the
material properties used for the detailed FEM. Fig. I1I-17 shows the representative mode
shapes of the PCB sample. The modal analysis results indicated that the first eigenfrequency
was 641.53 Hz.

Table I1I-5 summarizes MoS of each package calculated using the STT-RV-1 and CST-

RV-1 methodologies. The calculated MoS values showed positive margin with respect to all
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TSSOPs. In case of the PBGA packages, the MoS values obtained using the STT-RV-1
methodology showed a positive margin for the U1 and U9 packages, although these packages
showed partial crack on the solder joint in the fatigue tests, as shown in Fig. I1I-10~III-14. On
the other hand, the results obtained using the CST-RV-1 methodology showed negative margin
for all PBGA packages. This well represents the fatigue test results which showed cracks on
the solder joints of the PBGA packages. These results indicate that the CST-RV-1 methodology,
based on the PCB strain-based methodology, is more effective for evaluating mechanical
safety on the solder joint as compared to the STT-RV-1 methodology, based on Steinberg’s
theory.

We proposed another design approach that calculates MoS based on the quasi-static
analysis. For this, we derived the random equivalent quasi-static load of 83.45 Guys calculated

by the Mile’s equation as follows [9].

Grms = J (3) @ (Pspy,) (I1-5)

where @ indicates the amplification factor and PSDy, is the input PSD acceleration at the

first eigenfrequency of f,,.

By applying this methodology, the mechanical safety on the solder joint can be more
simply evaluated while reducing the computation time as compared to the previous
methodologies based on the random vibration analysis. Here, the methodologies based on
Steinberg’s theory and PCB strain-based methodology are named as STT-QS-1 and CST-QS-
1, respectively. The MoS values calculated using these methodologies are summarized in
Table I1I-6. The results indicated that only the U5 package showed a negative margin from the

STT-QS-1 methodology. In contrast, the results based on CST-QS-1 methodology indicated a
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negative margin with respect to all PBGA packages. This also represents the fatigue test results
well which showed cracks on the solder joint of PBGA packages. In addition, these results are
similar to those obtained using the CST-RV-1 methodology although there are some
differences in the calculated MoS values. This indicates that the CST-QS-1 methodology is
also effective in evaluating the mechanical safety on the solder joint, similar to the CST-RV-1
methodology, even though the analysis method is much simpler than that of random vibration
analysis.

However, the construction of a detailed FEM of the entire package shown in Fig. I1I-16
requires much time and effort. In addition, the use of such a large-sized FEM for the analysis
at the electronic box level requires a significantly longer computation time. Therefore, in this
study, the detailed FEM was simplified using 0D lumped masses and rigid link elements to
model the masses of the package and solder joint, as shown in Fig. I1I-18, respectively. The
first eigenfrequency calculated from this model was 611.06 Hz, which showed a difference of
only 4.75% compared to that of the detailed FEM. The random equivalent static load of 80.46
Gms was used for the quasi-static analysis. Here, the methodologies based on Steinberg’s
theory and the PCB strain-based methodology are named as STT-QS-2 and CST-QS-2,
respectively.

Table I1I-7 summarizes the results of MoS calculation based on the STT-QS-2 and CST-
QS-2 methodologies. The results indicated that only the U5 package showed negative margin
when calculating the MoS based on the STT-QS-2 methodology. This is similar to those
based on the STT-QS-1 methodology. In case of the CST-QS-2 methodology, the MoS results
showed negative margin with respect to all PBGA packages, which well represents the fatigue
test results of PBGA packages shown in Fig. III-10~I11-14. These results indicate that the CST-

QS-2 methodology is more effective for the mechanical safety evaluation than the STT-QS-2
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methodology. Further, the simplified FEM is effective for evaluating the mechanical safety on
the solder joint as the detailed FEM shown in Fig. III-16. Moreover, the time to failure on the
solder joint, estimated by dividing the 20 million critical fatigue cycles into the first
eigenfrequency of PCB, was approximately 9.09 h. Therefore, the calculated MoS well
represents the fatigue test results shown in Table 4 because all PBGA packages actually failed
within 7.67 h of excitation.

Table I1I-8 summarizes the computation time of modal, random vibration and quasi-static
analyses for each methodology. By using the simplified FEM and quasi-static analysis
approach, the CST-QS-2 methodology needs much less computation time compared to the
CST-RV-1 methodology. Therefore, it can be applied methodology for the mechanical safety
evaluation of electronics including many integrated PCB with various packages.

To validate the effectiveness of the CST-QS-2 methodology for evaluating the
mechanical safety on the ceramic column grid array (CCGA) package, we also performed an
additional fatigue test on the PCB sample under random vibration excitation. In addition, the
test results were compared with the MoS calculated from the CST-QS-2 methodology. The
PCB sample used in this study was formed of FR-4 with a dimensions of 100 mm X 100
mm X 2 mm and a total mass of 51.08 g. A daisy-chained 624-pin CCGA package with
dimensions of 32.5 mm X 32.5mm X 4.88 mm and a mass of 13.28 g was mounted at the
PCB center. The materials of solder and solder column were Sn-Pb37 and Sn-Pb90,
respectively. Figure I1I-19 shows the fatigue test set-up. In the tests, the PCB sample was
exposed to 28 Gms of the random vibration for 20 min. In-situ monitoring of the daisy-chain
resistance of the CCGA package was performed during the test. The failure criterion on the
solder joint was same as that used in the test shown in Fig. I1I-4. Figure III-20 shows the time

history of daisy-chain resistances for the PCB sample. The CCGA package rapidly reached a
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1  resistance value of 10.5 kQ, defined as a failure on the solder joint, after approximately 5.38
2 min. The optical microscope inspection results shown in Fig. III-21 indicate full cracks on
3 several solder columns located at the corner of the package.

4 A simplified FEM was constructed in the form shown in Fig. I1I-18. The f,, analyzed by

5  this FEM was 350 Hz. The equivalent static load calculated from PSD; of 0.404 G*/Hz was

6  64.47 Gums. Since the variable C for the CCGA package has not been developed so far, we
7  usedavalue of 1.75 to calculate &. in Eq. (I1I-1). This value was originally used for the BGA
8  package [8]. The calculated MoS shown in Table III-9 indicated a negative margin. Therefore,
9  these well represent the test results of cracks on the solder joint. These results indicate that the
10  CST-QS-2 methodology proposed in this study is also effective for evaluating mechanical
11 safety on the solder joint of the CCGA package.
12

13
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Fig. III-15 Evaluation scheme for structural design methodology (w.r.t PBGA324 &

TSSOP48 PCB)
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2 Fig. I11-16 Configuration of detailed FEM of PBGA324 & TSSOP48 PCB sample
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1 Table I1I-4 Material properties used for analysis

Elastic Shear . q
. Poisson Density
Material modulus modulus Ratio (kg/m?)
(MPa) (MPa) &
PCB (FR-4) 31,893 13,866 0.15 2,477
PBGA Component 15,168 6,320 0.2 1,900
package
Component 11,700 4,500 03 2,940
TSSOP
Lead (Copper) 113,000 42,164 0.34 8,900
Solder (Sn-Pb37) 29,379 10,801 0.36 8,490
2
3
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Fig. I11-17 Representative mode shapes of PCB sample
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1  Table III-5 Comparison of MoS calculated using STT-RV-1 and CST-RV-1

2 methodologies

STT-RV-1 CST-RV-1
No. | Type Zanow Z max MosS £ €max MosS
(mm) (mm) (p-strain) | (p-strain)
Ul | PBGA 0.379 0.184 0.65 387 445 -0.31
U2 | TSSOP 0.737 0.19 2.11 662 208 1.55
U3 | TSSOP 0.739 0.193 2.06 662 211 1.51
U4 | PBGA 0.313 0.272 -0.08 387 503 -0.39
US | PBGA 0.22 0.379 -0.54 387 582 -0.47
U6 | PBGA 0.314 0.278 -0.10 387 514 -0.40
U7 | TSSOP 0.689 0.19 1.90 662 208 1.55
U8 | TSSOP 0.688 0.193 1.85 662 211 1.51
U9 | PBGA 0.378 0.184 0.65 387 446 -0.31
3
4
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1  Table III-6 Comparison of MoS calculated using STT-QS-1 and CST-QS-1

2 methodologies

STT-QS-1 CST-QS-1
No.| Type | 7 allow Z max MosS £ Emax MosS
(mm) (mm) (p-strain) | (p-strain)
Ul | PBGA 0.379 0.122 1.49 387 509 -0.39
U2 | TSSOP 0.737 0.129 3.57 662 165 2.21
U3 | TSSOP 0.739 0.129 3.58 662 166 2.19
U4 | PBGA 0.313 0.17 0.47 387 615 -0.50
U5 | PBGA 0.22 0.231 -0.24 387 650 -0.52
U6 | PBGA 0314 0.184 0.36 387 635 -0.51
U7 | TSSOP 0.689 0.129 3.27 662 165 2.21
U8 | TSSOP 0.688 0.129 3.27 662 165 2.21
U9 | PBGA 0.378 0.122 1.48 387 509 -0.39
3
4
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Fig. I11-18 Configuration of simplified FEM of PBGA324 & TSSOP48 PCB sample
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1 Table III-7 Comparison of MoS calculated using STT-QS-2 and CST-QS-2

2 methodologies

STT-QS-2 CST-QS-2
No. | Type Z anow Z max MosS £ €max MoS
(mm) (mm) (n-strain) | (p-strain)
Ul | PBGA 0.379 0.127 1.39 387 531 -0.42
U2 | TSSOP 0.737 0.135 3.37 662 381 0.39
U3 | TSSOP 0.739 0.135 3.38 662 348 0.52
U4 | PBGA 0.313 0.203 0.23 387 748 -0.59
U5 | PBGA 0.22 0.254 -0.31 387 907 -0.66
U6 | PBGA 0.314 0.203 0.24 387 769 -0.60
U7 | TSSOP 0.689 0.135 3.08 662 351 0.51
U8 | TSSOP 0.688 0.135 3.08 662 340 0.56
U9 | PBGA 0.378 0.127 1.38 387 531 -0.42
3
4
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1 Table III-8 Comparison of computation time between various methodologies

‘ Random ‘ ]
Methodology Modal a.malys1s Vibration Quas1.-stat}c Remarks
(min) . . analysis (min)
analysis (min)

CST-RV-1 6.28 38.47 - Detailed FEM

CST-QS-1 6.28 - 9.52 Detailed FEM

CST-QS-2 1.47 - 1.12 Simplified FEM
2
3
4
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Fig. I1I-19 Random vibration fatigue test set-up of PCB sample with CCGA package
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2 Fig. I11-20 Time profile of daisy-chain resistance of CCGA package
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2 Fig. I11-21 Representative optical micrograph of CCGA solder joints
3
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1  Table III-9 Results of MoS and time to failure of CCGA package calculated using CST-

2 QS-2 methodology

€ €
T c Pmax MoS Remarks
ype (p-strain) (n-strain)
TTFest: 5.38 min
CCGA 268 871 0.72 (<2 x 107 cycles)
3
4
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D. Methodology Validation (PBGA388 Package)

In the previous chapter, the effectiveness of the PCB strain-based methodology was
validated by the fatigue life tests of PCB samples with BGA packages under random vibration.
Their investigations also involved the feasibility of utilizing the FEM of the package
simplified into the 0D lumped mass and rigid link elements to simulate the package and solder
joints, respectively. However, it is necessary to validate the methodology with respect to the
various PBGA package configurations, i.e., molded package shape to encapsulate the
semiconductor die, and solder ball array (i.e., full array, peripheral), which were not
investigated in the previous chapter. The investigations on these factors become especially
important when the simplified package FEM form is used for the solder joint evaluation
because the aforementioned package configuration features are not reflected in the FEM,
which could, therefore, result in a severe error in the calculated MoS. In addition, there have
been no sample cases to validate the methodology regarding the presence of mechanical
fixations adjacent to the package in the previous chapter. Furthermore, the board
eigenfrequency influence that affects the board strain rate has not been investigated and means
that the feasibility of using the value of & = 50,000 used for Eq. (III-1) in the previous
chapter must be confirmed with respect to the various board eigenfrequencies. Therefore, in
this study, we evaluated the effectiveness of the PCB strain-based methodology with respect

to those factors.
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1. Description of PBGA388 PCB Sample

To validate the effectiveness of PCB strain-based methodology for evaluating solder joint
mechanical safety under a random vibration environment, PCB test samples with PBGA388
packages were fabricated, and an example of the sample in Case 1 is shown in Fig. 111-22. A
single PBGA388 package is mounted on an FR-4 PCB with dimensions of 125 mm x 125 mm
x 1.6 mm. The total PCB sample mass is 51.1 g. Four holes for M3 screws were used for board
fixation. Eutectic Sn63-Pb37 solder balls with space heritage were applied to mount the
package. Table III-10 lists the PBGA388 package specifications. The key features of this
package are that the area along the BT substrate edge is not covered with the molded package,
and the solder ball peripheral array is formed beneath the package. These feature differences
are the reasons for selecting this package for the methodology validation. For the experimental
validation, five cases of PCB samples were fabricated in the configurations shown in Figs. I11-
23 and Il1-24. Here, Cases 1, 1-1, and 1-2 correspond to the situations where the packages are
mounted on various board locations. In particular, the Case 1-2 sample package is located
adjacent to a screw hole with a distance of only 5 mm, where the solder joint might be
influenced by the strain response caused by the bolt constraint. Cases 2 and 3 correspond to
the samples with higher eigenfrequencies as the board size is reduced compared with the Case

1 sample. The masses of Cases 2 and 3 PCBs are 29 g and 21 g, respectively.
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FR-4 PCB (100 mmx 100 mmx1.55 mm)

Fig. I11-22 Case 1 PCB sample with PBGA388 package
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1 Table III-10 Specifications of PBGA388 package

Item Specification

Manufacturer Topline Co. Ltd.

Configuration

- Material: Sn-Pb37

- Dimension (mm): 0.45 x 0.7 (height x max. diameter)
Solder ball - Solder pitch (mm): 1.27

- No. of solder balls (EA): 388

- Array type: perimeter

- Dimension (mm): 35 x 35 x 2.3 (incl. solder balls)
- Composition: BT substrate with mold
- Mass (g): 5.0 (incl. solder balls)

Package
dimension
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() Case 1 (125 mmx 125 mm) O

2 Fig. I11-24 Configurations of PCB samples in each case (Cases 1, 2 and 3)
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2. Fatigue Life Tests

To obtain the TTF;.s of each sample packages for comparison with the evaluation
results using the PCB strain-based methodology, the fatigue life test was performed in a
random vibration environment. Figure I1I-25 shows the fatigue life test set-up for the PCB
samples on the electrodynamic vibration shaker. In this study, only one sample was used for
each case. During the test, the time to failure (TTF) of the packages was measured through an
in-situ resistance monitoring based on a daisy-chain circuit implemented in each package.
Figures I11-26 shows the daisy-chain circuit configuration for a BGA package. The two-wire
resistance measurement was performed on each sample by using the data acquisition
equipment of DAQ6510 (Keithley Co. Ltd.), with an accuracy of 102 Q and a sampling rate
of 1.7 samples/s. The criterion for declaring the failure of a solder joint, which is crack
initiation of solder joint, is determined when the equipment reads a 20% increased daisy-chain
resistance value for five consecutive readings in accordance with the IPC-9701A standard [50].
The change in failure criterion from that used in the previous section is to more precisely
assess TTF;.s of packages by more sensitively detecting the micro-cracking of solder joint
based on the lessons and learned from the previous test. Exposure to random vibration in the
out-of-plane direction of PCBs was initiated for all the samples, and the sample that reached
the failure criterion during the test was disassembled from the test set-up. Table I1I-11 shows
the specifications of the random vibration input level, which is commonly used for spaceborne
hardware qualification.

Figure III-27 shows the fatigue life test results, i.e., time histories of daisy-chain
resistances for the PCB samples. The first failure signal from the resistance monitoring
occurred from the Case 3 sample at 1.29 h of exposure to the random vibration environment

specified in Table 2. The Case 1-1 sample also failed at a similar time. In addition, in Cases 1
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and 2, the samples reached the failure criterion at 9.5 h and 10.4 h of progress, respectively.
The resistance value of the Case 1-2 sample gradually increased during the test; however, it
did not reach the failure criterion until the test completion at 12.4 h.

Figures III-28~I11-31 shows the cross-sectional microphotographs of cracked BGA
solder joints for the samples that reached the failure criterion, which were taken using scanning
electron microscope (SEM) after completion of the fatigue life test. All observed samples
showed the cracking of solder joints and these results confirmed the TTF determined through
the resistance measurement shown in Fig. I1I-27. Most cracks were initiated and propagated
along the interface boundary between the solder ball and package solder pad. Table III-12
summarizes the results of the fatigue life tests including SEM inspection for each PCB sample.
The Case 1-1 and 3 samples failed much earlier than the Case 1 samples although their board
displacement values are much lower than that of Case 1. All the packages at the center of the
board failed earlier than those located relatively near the edge of the board. In addition, the
exact TTF of the solder joint from the Case 1-2 sample could not be obtained due to the
limited test duration although the data for the remaining four samples was obtained. These
facts indicate that additional investigation is required for reliable evaluation on the PCB strain-
based methodology. Therefore, in this study, we performed the fatigue life prediction on the

solder joints of the tested samples.
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71

{“/Collection @ chosun



+ -

123456 8 91011 121314151617 1819202122 23242526

N
B
C
D
E
F
G
H
J
K
L seem 00
M sessses
N sesases
P ss oo e
R s e eees
T L O N O ]
U
v
W
v
AA
AB
AC
AD
AE
AF
1
2 Fig. I11-26 Configuration of daisy-chain circuit for PBGA388 package
3
4
72

Collection @ chosun



1 Table III-11 Random vibration test specification (14.1 Gyms)

Frequency (Hz) PSD acceleration (PSD, g*/Hz)

20 0.026

50 0.16

800 0.16

2,000 0.026

Overall 14.1 Gims
2
3
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SEM MAG: 150 x DET: BEI Detector
HV: 20.0kV WD: 9.8333 mm 500 um Vega ©Tescan
APRO R&D

Fig. I11-28 SEM microphotograph of cracked BGA solder joints of Case 1 sample
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Case 1-1

SEM MAG: 150 x DET: BEI Detector T
HV: 20.0kV WD: 9.4457 mm 500 um Vega @Tescan
APRO R&D

Fig. 111-29 SEM microphotograph of cracked BGA solder joints of Case 1-1 sample
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SEM MAG: 150 x DET: BEI Detect e
HV: 20.0kV WD: 9.6885 mm 500 um Vega ©Tescan
APRO R&D

Fig. I11-30 SEM microphotograph of cracked BGA solder joints of Case 2 sample
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SEM MAG: 150 x DET: BEI Detect "

HV: 200 kV WD: 9.5714 mm 500 um Vega ©Tescan
1 APRO R&D
2 Fig. I11-31 SEM microphotograph of cracked BGA solder joints of Case 3 sample
3
4
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Table III-12 Summary of fatigue life test results

Case Time to failure (TTF, h) SEM inspection results
1 9.52 Solder ball cracked
1-1 1.44 Solder ball cracked
1-2 >12.4 Not observed
2 10.38 Solder ball cracked
3 1.29 Solder ball cracked
2
3
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3. Mechanical Safety Evaluation

The primary objective of the fatigue life prediction is to determine whether the solder
joints are expected to fail within the TTF ensured by the criterion of 2 x 107 cycles, which is
specified for the methodologies investigated in this study. For the prediction, we used a life
prediction approach, which is a Basquin’s power law equation [51]. This approach predicts
the fatigue life based on the stress acting on the solder joint under vibration excitation.
Therefore, FEM-based structural analyses were performed to analyze the dynamic responses
and resulting solder stress of the samples. The test input PSD profile specified in Table I1I-11
was applied for the analysis. Figure I1I-32(a) shows an example of the detailed FEM of the
Case 1 sample, in which the actual package configurations, solder ball, and solder pad are
modeled in detail. The FEM consists of 866,223 nodes, 31,184 CPENTA, 703,996 CHEXA
elements, and four rigid body elements. As a boundary condition, six DoF constraints were
applied on the four PCB screw hole interfaces. Table III-13 lists the material properties used
for the analysis.

Figure I11-33 shows the representative modal analysis results, i.e., modal shapes of Case
1 PCB sample at the first to third eigenfrequencies. The largest dynamic deflection is expected
at the first eigenfrequency of 213.5 Hz where the global bending mode in the out-of-place
direction of the board is observed. Table I1I-14 summarizes the first eigenfrequencies of all
the PCB samples and these values were used for the fatigue life predictions.

Figures I11-34 and III-35 show the representative RMS von-mises stress distributions of
Cases 1 and 1-2 samples under 14.1 Gims of random vibration. The major stress occurred at
the interface layer between the solder ball and solder pad of the solder joint closest to the
corner, where the largest relative displacement between the package and board occurred. This

solder joint is, therefore, the most vulnerable to vibration excitation. Additionally, the stress
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concentration locations in the solder balls correspond with the crack propagations shown in
Fig. 6. In the Case 1-2 sample, the major stress occurred at the corner solder ball located
adjacent to the screw joint because the mechanical constraint achieved by the joint induces the
local strain that increases the solder stress, as shown in Fig. III-35. As mentioned above, this
is an important factor in the mechanical safety evaluation and, therefore, will be addressed in
a later chapter of this paper. Table III-15 summarizes the von-mises stress of solder joints for
each sample.

For the reliable prediction of fatigue life, a feasible solder stress value shall be computed
from the FEM analysis. However, as described in the previous studies [10-11, 22, 24, 51], the
solder stress or strain value is heavily dependent on the solid element mesh density and is a
result of a stress—strain singularity at the interface layer between two different materials. To
minimize the problem of mesh dependency, a volume-weighted average stress, a,, was used
for prediction [51]. The o, can be derived by calculating the average effective stress over all
the solid elements in the interface layer between the solder ball and the solder pad, using Eq.

(I11-6), as follows:

_ E(O_VM,e X Ve) (111'6)

a A

where oyye and V, are the RMS von-mises stress and volume of the element, respectively.
The Basquin’s power law equation for predicting the total number of fatigue cycles, Ng, based

on the o, can be expressed as follows:
0, = d'¢ X (Np)? (I11-7)

where g, is the von-mises stress derived from the analysis; o'f is the fatigue strength

coefficient; and b is the fatigue exponent, which is typically derived from the slope of the
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stress-life cycle (S-N) curve. In this study, we used the material constants of ¢'¢ = 116.8 MPa
and b =-0.116 developed for eutectic Sn63-Pb37 solder [52]. For prediction, we used a 1.95-
sigma value of stress as a,, which is the equivalent of using 1-, 2-, and 3-sigma values
considering a Gaussian distribution on the random vibration. The TTFy.q of the solder joint
is predicted as follows:

Ny

TTFpred = E

(111-8)

where f, is the first PCB eigenfrequency. In the prediction, factor of safety for TTFpyreq,
FoSy, was set as 4.0, which is recommended on the fatigue as specified in the ECSS standard
[53].

Figure 111-36 shows the results of the fatigue life predictions for each PCB sample. For
comparison, the TTF,.q obtained from the tests are also specified in the figure. The trend
of the TTFpreq for the samples showed a difference from that observed from the test, in
particular, for the Case 1-1 and 3 samples. We judge that this difference was primarily caused
by the irregular quality in solder ball shapes for each sample, as observed from the SEM
microphotographs shown in Fig. III-28~I11-31; although, the Case 1 and 2 samples showed
the TTF,req With relatively reasonable accuracy compared with the former two samples.
Additionally, the TTFyreq of the Case 1-2 sample was 16.04 h, which corresponds to the test
results because the solder joint failures were not observed before the end of the 12.4 h duration.
The important observation from the results of Nf for each sample, is that all the samples were
expected to fail within the 2 x 107 random vibration cycles. These prediction results were used

as comparison data to validate the mechanical design methodology.
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5 Fig. I11-32 Configuration of (a) detailed and (b) simplified FEMs of Case 1 sample
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1 Table III-13 Material properties for structural analysis

Material Elastic modulus Poisson’s ratio Density
(GPa) ) (kg/m?)
PCB (FR-4) 18.73 0.136 2,000
Package substrate (BT) 22.00 0.280 2,000
Package mold 15.20 0.200 1,900
Solder ball (Sn63-Pb37) 29.40 0.340 8,490
Solder pad (copper) 113.00 0.340 8,900
2
3
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()
Fig. I11-33 Mode shapes of Case 1 PCB ((a) 213.5 Hz, (b) 408.1 Hz, (c) 538.7 Hz)
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1  Table III-14 First eigenfrequencies of PCB samples obtained from detailed and
2 simplified FEMs

First eigenfrequency (Hz) Difference btw. FEMs
Case (%)
Detailed FEM Simplified FEM
1 213.5 197.8 7.4
1-1 214.2 199.9 6.7
1-2 214.3 211.1 1.5
2 419.3 377.9 9.9
3 666.3 584.9 12.2
3
4
5
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8.83+008
BT+ 006
6.31+006

5,05+ 008

Max. von-mises stress 24800
(Corner-most solder ball)

Fig. I11-34 Von-mises stress distributions of Case 1 PCB sample

a B~ W DN
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1.39+00
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Max. von-mises stress  249:00
(Corner-most solder ball)

Local strain caused
by M3 screw hole

Fig. I11-35 Von-mises stress distributions of Case 1-2 PCB sample

a A~ W N

89

Collection @ chosun



1 Table III-15 Analyzed volume-weighted average values of Von-mises stresses of solder

2 balls for each PCB sample
Case Volume-weighted average
von-mises stress (MPa)
1 8.87
1-1 8.39
1-2 7.67
2 8.20
3 8.00
3
4
5
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To validate the effectiveness of the PCB strain-based methodology, the evaluation
scheme shown in Fig. I11-37 was established on the methodologies based on PCB strain-based
methodology and Steinberg’s theory described in Chapters Il and III. This was derived in
accordance with the fatigue failure theory factors and the FEM configuration. The
effectiveness of these methodologies was evaluated by comparison between the estimated
MoS values and the TTF derived from the experimental and numerical approach shown in
Fig. [11-36. In this study, FoS,,=1.25 was used for the MoS estimation, which approximately
corresponds to FoSi.=4.0 with regard to the fatigue life of the Sn63-Pb37 solder material.

For the mechanical safety evaluation of the PCB samples, random vibration analysis was
performed on the detailed FEM, as shown in Fig. 11I-32(b). The MoS was calculated from
the analyzed displacement and strain responses of the samples by using Eqs. (II-1)—(II-3) and
(II-1)—~(I11-4). Here, we defined the methodologies based on the PCB strain-based
methodology and Steinberg’s theories as M.CST-1 and M.STT-1, respectively. The MoS
values derived from these methodologies are summarized in Table I1I-16. The MoS values
of all the samples estimated from the M.CST-1 methodology showed the negative margin with
regard to the criterion of 2 x 107 cycles and these results also correspond to the N of samples
obtained by experimental and numerical approaches shown in previous sections. In particular,
it was clearly shown that the MoS value estimated by the M.CST-1 methodology well
represented the Case 1-2 sample being affected by the local strain resulting from the adjacent
screw joint. Furthermore, the MoS was well estimated for the PCBs with various
eigenfrequencies, as observed from the results of Cases 1, 2, and 3. Conversely, M.STT-1
methodology showed inaccurate results because only the Case 1 sample showed the negative
margin of MoS on the sample when estimated by this methodology. These results indicate

that the M.CST-1 methodology based on critical strain theory is much more effective in the
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mechanical solder joint safety evaluation for the BGA package located at various PCB
locations, as compared with the M.STT-1 methodology.

To minimize the time-consuming and effort-intensive FEM construction process, we
proposed the use of a simplified form of FEM. This modeling approach simplifies the package
into the 0D lumped mass element and the rigid link element connection between the mass
element and the PCB, which simulate the package body and the solder joints, respectively.
The representative simplified FEM configuration of the Case 1 PCB sample is shown in Fig.
I11-32(b). The modal analysis results summarized in Table III-14 indicate that the first
eigenfrequency of the PCB samples had differences of up to 12.2%. However, this level of
difference is not a problem with respect to using the simplified FEM because the frequency
values are slightly lower than those of the detailed FEM, which gives slightly more
conservative evaluation results in terms of the dynamic board response. For the evaluation,
the methodologies based on the PCB strain-based methodology and Steinberg’s theory, which
use the simplified FEM, were referred to as M.CST-2 and M.STT-2, respectively.

Table 1II-17 summarizes the results of MoS calculations based on the M.CST-2 and
M.STT-2 methodologies. The MoS value trends derived from both methodologies are
approximately the same as the results presented in Fig. I1I-36. In contrast to the M.STT-2
methodology, the MoS of M.CST-2 represents the actual fatigue life of solder joints well,
even though it was estimated by the PCB strain derived from the simplified FEM. These
results indicate that the M.CST-2 methodology estimates the MoS more accurately than the
M.STT-2 methodology and confirm the feasibility of the use of a simplified FEM as shown in
this study. This approach provides the evaluation results within a significantly shorter time

compared with the detailed FEM as investigated in the previous section.
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1 Table I1I-16 Comparison of MoS estimated by M.CST-1 and M.STT-1 methodologies

M.CST-1 M.STT-1
Experimental &
Case numerical results
Ec €max Z 3110w Z nax (Fig. 111-36)
(p-strain) | (n-strain) MoS (mm) (mm) Rles

1 293.9 1039.5 |-0.75| 0.218 0.295 [-0.33| <2 x 107 cycles failed
1-1 293.9 1003.5 |-0.74| 0.267 0.239 ] 0.01 | <2 x 107 cycles failed
1-2 293.9 747.0 |-0.65| 0.760 0.112 5.14 | <2 x 107 cycles failed
2 293.9 807.0 [-0.67| 0.166 0.052 1.88 | <2 x 107 ¢ycles failed
3 293.9 756.0 |-0.65| 0.148 0.016 7.56 | <2 x 107 cycles failed

Collection @ chosun

*FoSy,=1.25 (Equivalent to FoSy=4.0 for TTF,req)
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1 Table I11-17 Comparison of MoS estimated by M.CST-2 and M.STT-2 methodologies

M.CST-2 M.STT-2 Experimental &
Case 7 7 numerical results
Ec €max allow max (Fig. III-36)
(p-strain) | (p-strain) e (mm) (mm) 2les

1 293.9 946.8 |-0.72| 0.201 0.267 |-0.26| <2 x 107 cycles failed

1-1 293.9 752.6 |-0.65| 0.226 0.213 | 0.13 | <2 x 107 cycles failed

1-2 293.9 3534 |-0.25| 0.604 0.096 | 6.14 | <2 x 107 cycles failed

2 293.9 816.3 |-0.68| 0.148 0.069 1.16 | <2 x 107 cycles failed

3 293.9 736.8 |-0.64| 0.131 0.030 | 3.45| <2 x 107 cycles failed

*FoSyp=1.25 (Equivalent to FoS=4.0 for TTFpyreq)
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IV. PCB Strain-based Structural Design Methodology for

Rapid Evaluation of Spaceborne Electronics

In the previous section, to validate the effectiveness of the PCB strain-based methodology,
fatigue life tests of a sample PCB with the PBGA324 and TSSOP48 packages were performed,
and the TTF.. of the tested packages were compared with the calculated MoS. For the
application of their methodology, they investigated the effectiveness of both detailed and
simplified FEM modeling techniques of the electronic packages. In case of the simplified FEM,
the package was modeled using a OD lumped mass and rigid link element to simulate the
package body and solder joints, respectively. This modeling technique saves considerable time
and effort compared with the detailed FEM, and is therefore useful when many number of
tradeoff studies are required to verify the structural design of electronics in its initial design
stage. The validation results confirmed that this methodology provides a relatively reliable
prediction of the mechanical safety of a solder joint compared to Steinberg’s theory. In
addition, this study also revealed the possibility of using the simplified FEM as a rapid solution
for the evaluation.

However, the design criterion of 2 x 107 cycles, used in both Steinberg’s theory and the
PCB strain-based methodology, provides too much margin on the TTF of the solder joint. In
several previous studies [32-33, 35, 38] on the structural design of spaceborne electronics,
PCBs have been designed to allow them to have a first resonant frequency of PCB (f,,)
typically between 100 and 800 Hz. For example, if an electronic package is assumed to be
mounted on the PCB with f, of 800 Hz and the calculated MoS indicates a positive margin
(> 0), the fatigue life of the solder joint would be higher than 6.94 h in accordance with the 2

x 107 cycles criterion. However, this value is extremely large in comparison with the total
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duration of on-ground vibration tests and the actual launch, which typically ranges from a
few minutes to tens of minutes.

In addition, further investigation is required for different types of packages mounted on
boards with various boundary conditions. In particular, the influence of the strain effect
induced by the adjacent mechanical fixation, that is, package, connector, or screws, should be
addressed. Moreover, the fixed value of ¢ = 50,000 in Eq. (III-2) might not be feasible

because the board strain rate is actually dependent on f, and Ep This means that the

estimation method for € is required for reliable evaluation of solder joint safety.
Consequently, to overcome the limitations of conventional methodologies, it is
essential to develop a design methodology to prevent excessive margins on the fatigue life
by establishing a new design criterion that is suitable for spaceborne electronics. This
criterion should be derived based on the actual duration of exposure to the random vibration
during the vibration tests as well as the actual launch. A detailed investigation of the

simplified FEM modeling technique with a strain-based theory to estimate ¢ and &
pmax

for various board boundary conditions is also required to achieve a rapid and reliable
solution for the structural design of electronics. These are the primary objectives of the

proposal of the Oh-Park methodology in this study.
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A. Description of Design Methodology

To solve aforementioned issues in evaluating the mechanical safety of a solder joint under
a launch random vibration environment, we proposed the Oh-Park methodology that evaluates
the structural design of spaceborne electronics. The proposed methodology evaluates solder
joint safety based on the MoS calculation with respect to the PCB strain based on the PCB
strain-based methodology described in Chapter I1I. However, a key difference associated with
the novelty of this methodology in comparison with previous ones is that the design factor
DF, which is inverse number of FoSy, in Eq. (Il[-4) is derived by estimating TTF, fora
given vibration test and the launch processes of electronics. The mechanical safety
evaluation is performed in accordance with the process shown in Fig. IV-1, and the details
of each step are described below. In this study, following assumptions and conditions were

reflected to establish the design methodology.

- The design methodology proposed in this study only evaluates the mechanical safety
of solder joint under random vibration. The specific failure mechanism on the solder
joint considered in this study is the initiation of fatigue crack on solder or lead frame

of electronic package. This becomes the failure criterion in the test and analysis.

- The design methodology is established based on stress-life cycle (S-N) relationship
(N x SP=Constant). In the proposed design methodology, the S-N curve region,
where the stress value is above the yield strength of material, is ignored under
assumption that the solder stress is occurred in elastic region (constant slope region

in S-N curve). In addition, endurance limit is not considered since the recent studies
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[54-55] suggest that it does not exist for metallic materials. This means that the fatigue
failure can be eventually occurred by even the smallest magnitude of stress as long
as the sufficient number of fatigue cycles is applied to the solder joint. This enables
to let the proposed methodology only consider the constant slope of the S-N curve,

which is described as fatigue exponent b.

The fatigue behavior of the solder joint is assumed to be occurred in elastic region of
solder or lead material. Therefore, the approximate fatigue life, which is predicted
TTEF, is directly related to the fundamental resonant frequency (f;,) of PCB where the
major board deflection is occurred. The fatigue cycles accumulated at higher
frequency modes are not accounted to estimate the TTF. This assumption makes it

possible to use the following relation [8].

N=f,xT o T==2 (IV-1)

fu

The main objective of this study is not to accurately predict the fatigue life, but to
calculate the MoS of solder joint. In this perspective, above relation gives

sufficiently reasonable evaluation results on the solder joint.

Based on the assumption described above, the stress S is directly related to the

acceleration G and to the displacement Z as follows [8].

T X G? = Constant (IV-2)

N x ZP = Constant (IV-3)

N x G? = Constant (IV-4)
100
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PCB strain are assumed to be proportional to stress and strain of solder joint in

accordance with the critical strain theory [47].

The proposed design methodology estimates MoS value based on the total number
of cycles accumulated in random vibration derived from the relation shown in Eq. IV-
1. Here, the number of cycle N can be underestimated as the modal participation of
PCB mode at f,, is less dominant as compared to the other modes. In this study, the
uncertainty resulted from the above simplified cycle estimation approach is
considered to be compensated by factor of safety of 4.0 on the required time to failure
for survival in the test and launch process. This factor of safety value is based on the
ECSS-E-ST-32C standard [53]. In addition, the fatigue damage accumulated in the
vibration tests for all the axes of electronics is assumed to be same as that accumulated
in the out-of-plane random excitation of PCB. This assumption adds more
conservatism as well. Therefore, these assumptions make it possible to include
resonable extent of margin on the MoS of solder joint. Though, the total number of
accumulated cycles are far smaller than the original Steinberg’s criterion of 2x107

cycles.

101

Collection @ chosun



Step 1: Construction of FEM for electronics

Step 2: Modal analysis of electronics to predict
1%t eigenfrequency of PCB (f,,))

Step 3: Estimation of 0 dB equivalent time to
failure in vibration test & launch phases

Step 4: Estimation of required time to failure
(TTE,q) for solder joint survival

Step 5: Estimation of design factor (DF)
which corresponds to TTF,.q

Step 6: Random vibration analysis of electronics
based on qualification test input (0 dB)

Evaluation of mechanical safety on solder joint
MoS > 0)

N

Fig. IV-1 Evaluation approach on structural design of spaceborne electronics using Oh-

3 Park methodology
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1. FEM Construction & Modal Analysis (Step 1-2)

As the first step of the evaluation, the FEM of electronics is constructed and f, is
determined by modal analysis. This is because the dynamic PCB strain and the resulting
fatigue life of solder joints are directly related to f,, where the largest board deflection occurs.
The f, shall be defined for each package because the deflection can primarily be caused by
either the global and local modes of the board in accordance with its boundary conditions
(location of fixations, application of stiffeners, and asymmetric and irregular board shape).
This rule is appropriate considering the possible occurrence of a complicated mode shape
owing to the dynamic coupling between the PCB and the housing structure in some cases. The
FEM modeling technique for PCBs with electronic packages will be addressed in a later

section of this paper.
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2. Estimation of TTF,¢q for Survival in Vibration Test and Launch

Process (Step 3-4)

Next, TTF.q is estimated based on the summation of 0 dB equivalent time on the solder
joint under a random vibration environment in the test and launch phases. Figure IV-2 shows
the vibration test scenario and the launch processes effecting electronics. This was established
under the assumption that only a single development model was fabricated not only to qualify
the design but also to be used as flight hardware to reduce the development time and cost.

In this scenario, electronics are exposed to the qualification level of random vibration
excitation at the component level and then undergo an acceptance test again at the satellite
system (S/S) level. Finally, it was exposed to launch random vibration, which was assumed to
be equivalent to the acceptance level of random vibration for 4 min in three axis
simultaneously. Here, a single set of qualification tests includes four steps of random vibration
tests, where the input level is gradually increased from -12 to 0 dB with a +3 dB interval, and
they are performed for each axis. The acceptance test is performed following the same steps
as the qualification test except for the tests with 0 dB level. To estimate TTF.q in the above
scenario, the equivalent exposure time of each test level with respect to full qualification level

of test input (0dB), Ty 4g, is first estimated as follows:

Tx dB = (ttest or tlnch) X (Gratio)b Xn (IV'S)

where tist and t),q, are the durations of an individual vibration test and actual launch
random vibration, respectively. b is the fatigue exponent of the solder material, which is 6.4
for the Sn63-Pb37 solder [18]. G40 is the ratio of RMS input test level to the 0 dB input,

which is described as follows.
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Gratio = 100) (IV-6)

The n is the number of vibration tests for each test level. In this study, n =3 was used
under the assumption that the damage in PCB out-of-plane excitation is accumulated in all
excitation axes of the electronics. This assumption made it easier to estimate the equivalent
time and generate an extent of conservatism on solder joint safety.

Total 0 dB equivalent exposure time during a single set of vibration test is estimated by
the summation of Ty g4g values at each test level calculated using Egs. (IV-5) and (IV-6).
Considering the qualification test at component level as an example, total 0 dB equivalent

exposure time, Y. Tc_q, can be estimated as follows.
2 Tc—q = T-1248 + T-6aB + T-odag + T-348 + Toa (IV-7)

Lastly, the TTFq for the test and launch process is estimated as follows.
TTFeq = (ZTc-q + XTs/s-a + L TL) X FOSys (IV-8)

where Y Ts/s_a is the total 0 dB equivalent exposure time in the acceptance test at S/S level.
3Ty, represents 0 dB equivalent exposure time for random vibration in the launch phase,
which is equivalent to when the full acceptance level (-3 dB) input is applied to electronics
for 4 min, following the assumption described above. TTF,q is estimated by summation of
the time values for each test and launch process with regard to the fatigue life accumulated in
a single full level qualification test (0 dB). This is because the structural analysis is typically
performed by applying a 0 dB input for the design validation. FoSys is a factor of safety with

regard to the time to failure, which shall be a sufficiently high value because the fatigue has a
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1  large amount of scatter. In this study, the FoS;s = 4.0 recommended for metallic materials

N

was applied in Eq. (IV-8) following the ECSS standard [53].
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* Duration for all individual tests=2 min Test Comp letion

Qual. vib. test Accep. vib. test
(comp. level) (S/S level) Lemmgs
Vibration test process (qual. level)
i Test Initiation :
1
| |
! | x(-12dB) x (-9 dB) x (6 dB) x (-3 dB) x(0dB) | |
| |
1 1
_’: ¥ (0 dB) y(-3dB) v (-6 dB) ¥ (-9dB) y(-12 dB) :
1 1
| |
' | z(-12dB) - (-9.dB) - (-6 dB) - (-3 dB) z(0dB) | |
I :
| |
1 1

Fig. IV-2 Assumed scenario of test and launch processes for spaceborne electronics
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3. DF Estimation & MoS Calculation with respect to PCB Strain

(Step 5-6)
To calculate the MoS, DF for €. is estimated from the values of TTF¢q and f;, as
below.

1/b 1/b
DF:(M) =(—2“°7 ) (IV-9)

Nreq TTFreqX60Xfn

where Norg is the original criterion (2 x 107 cycles) used in the previous methodologies. The
Nieq (FTTFEeq X 60 X f,) is the total number of fatigue life cycles required for survival in
test and launch processes.

The final step of the evaluation is to perform a random vibration analysis of electronics
based on the 0 dB input for calculating the MoS with respect to the PCB strain on each
package using Eqs. (I1I-1)—(111-4). However, the & in Eq. (III-1) is analytically estimated by

taking the derivative of &, _ as follows:
E=2mXeg, Xfy (IV-10)

The MoS for the solder joint is calculated based on the estimated DF as below.

DF X €

MoS = -1>0 (IV-11)

Pmax

The above Eq. (IV-11) is calculated based on the estimated DF using Eq. (IV-9), and
this is the key feature of the proposed Oh-Park methodology that prevents an excessive fatigue

margin on the solder joint and has not been proposed in previous studies.
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B. Fatigue Life Tests

1. Description of PBGA388 PCB Sample (Sample Set #1)

Prior to the validation of the effectiveness of the proposed Oh-Park methodology, a 388-
pin plastic BGA (PBGA388) package with Sn63-Pb37 eutectic solder balls was selected and
applied to fabricate the sample PCB assemblies for the fatigue life test under random vibration.
Table IV-1 lists the specifications of this package. Figure 1V-3 shows a representative
configuration of the sample PCB assembly in Case 1. The PCB was made of FR-4 laminate
with an area of 125 mm % 125 mm and a thickness of 1.55 mm. The mass of the PCB assembly
was 51.1 g. The PCB is mechanically fixed using four M3 screw joints. The daisy-chain circuit
shown in Fig. IV-4 was implemented in the PBGA388 package and the PCB to detect the
occurrence of cracking on the solder joint by monitoring the circuit variation resistance in the
fatigue life test. For the validation of the proposed methodology for various boundary
conditions of the PCB, five cases of PCB samples were fabricated as shown in Figs. 111-24
and III-25. Here, Cases 1, 2, and 3 correspond to the samples with higher eigenfrequencies as
the board size becomes smaller than that of the Case 1 PCB. Cases 1-1 and 1-2 correspond to
the samples where the packages are mounted on a position closer to the edge of the board as
compared with the Case 1 PCB. Among these, the package of Case 1-2 is located adjacent to
the screw joint at a distance of 5 mm. Therefore, the cornermost solder joint of the package

can be influenced by the board strain caused by the screw joint.
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1 Table I'V-1 Specifications of PBGA388 package

Item Specification

Manufacturer Topline Co. Ltd.

Configuration

- Material: Sn63-Pb37 eutectic solder

- Dimension (mm): 0.45 % 0.7 (height X maximum ball diameter)
Solder ball - Solder pitch (mm): 1.27

- No. of solder balls (EA): 388 (26 solder balls in one side)

- Array type: perimeter

- Type: Daisy-chained (dummy package)

- Dimension (mm): 35 x 35 x 2.3 (incl. solder balls)
- Composition: BT substrate with mold encapsulation
- Mass (g): 5.0 (incl. solder balls)

Package
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PBGA388 package
(35 mmx35 mm)

Daisy-chain resistance
M3 screws (4 EA) meas. I/F

/ FR-4 PCB

@) (125 mmx125 mmx1.55 mm)

Fig. I'V-3 Representative configuration of sample PCB assembly in Case 1
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Fig. I'V-4 Configuration of daisy-chain circuit for PBGA388 package
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2. Results of Fatigue Life Tests

The fatigue life test set-up for a set of PCB samples mounted on the vibration shaker is
shown in Fig. IV-5. In this study, three sets of board samples were fabricated and tested to
ensure the reliability of the test results. To assess TTFiest 0f each package, in-situ monitoring
of the daisy-chain resistance was performed. Two-wire resistance measurements were
performed for each sample using the data acquisition (DAQ) device of DAQ6510 (Keithley
Co. Ltd., USA). The measurement accuracy of the DAQ was less than 102 Q, and the sampling
rate was set as 1.7 samples/s. The failure criterion on the solder joint was defined as when the
DAQ detects a resistance value 20% higher than the initial value, five times consecutively, in
accordance with the IPC-9701A standard [50]. The random vibration test input of 20 Gims
specified in Table IV-2 was continuously applied for the excitation of board samples until the
failure criterion was achieved.

Figure IV-6 shows the time histories of the daisy-chain resistance values for the first set
of PCB samples. The initial failure of the solder joint was detected in the Case 1 sample at 42
min of random excitation. The Case 2 sample subsequently failed at 57 min, and Case 1-1 also
failed at approximately the same time. The Case 1-2 and Case 3 samples failed at 148 and 240
min of test progress, respectively. Table IV-3 shows the measured TTF values of the tested
packages, TTFiest, for all the sets of PCB samples. The TTF of PCB samples in the same
case was similar between each other although some of the samples showed slight differences.

These test results were used to validate the Oh-Park methodology.
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Daisy-chain resistance
measurement I/Fs
(for each specimen)

Test jigs
(Armature)

Fig. I'V-5 Fatigue life test set-up for a set of PCB samples
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1 Table IV-2 Specifications of input random vibration

Frequency (Hz) PSD acceleration (g?/Hz)

20 0.091

60 0.273

1,000 0.273

2,000 0.069

Overall (full level (0 dB)) 20 Gms

2
3
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2 Fig. IV-6 Time profile of measured daisy-chain resistance for each sample during

3 random vibration excitation
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1 Table IV-3 TTF.s of PCB samples measured from fatigue life test

Case Set 1 samples Set 2 samples Set 3 samples
1 42 54 345
1-1 57.8 47 223
1-2 148 114.3 222.5
2 57 60 63
3 240 70 600
2
3

Collection @ chosun

117



10

11

12

13

14

15

16

17

C. Methodology Validation

To validate the effectiveness of the proposed Oh-Park methodology, the validation
scheme shown in Fig. IV-7 was established in accordance with the various simplified FEM
modeling techniques. The evaluation was also performed using Steinberg’s theory for
comparison with the proposed methodology. In addition, the validation involves a comparison
between the MoS calculated based on FoS,, value with respect to the original criterion of 2
x 107 cycles and DF value based on TTFeq. The mechanical safety of the tested sample
PCBs was evaluated in accordance with the approach described in Fig. IV-1. We also predicted
the TTF using both methodologies to determine whether the calculated MoS accurately
represents the actual TTF of the tested packages.

The predicted TTF, TTFyreq, based on the PCB displacement, is calculated using the

power law-based equation described as follows:

TTFpreq = Norg X (m)b x (=) (IV-12)

Smax fnx60

where Norg is 2 x 107 cycles for random vibration. Based on the PCB strain, TTFpeq is

calculated as follows:

b
c 1
TTFpred = Norg X (—5 ) X (fnxﬁo) (IV-13)

€pmax
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Validation of Oh-Park methodology
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Simplified FEM
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Type 1 FEM Type 2 FEM Type 3 FEM
(4-node connection) (8-node connection) (9-node connection)
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RV analysis RV analysis RV analysis

e T e T

Steinberg’s || Oh-Park Steinberg’s || Oh-Park Steinberg’s || Oh-Park
theory* methodol.* theory* methodol.* theory* methodol.*

I I I I | |
v

Evaluation of mechanical safety on solder joint (MoS > 0)

* FoS = 1.11 or value derived from TTF.qq

Fig. I'V-7 Validation scheme for Oh-Park methodology
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1. FEM Modeling Technique of PCB

In this study, a guideline on the simplified FEM modeling technique for the PCB and
electronic package was established for the reliable evaluation of solder joint safety. The

guideline includes the estimation method for Ep Fig. IV-8 shows a representative example

of a simplified FEM of a sample PCB in Case 1 modeled by the proposed technique. The
modeling guideline was established by a trial and error method based on numerous structural
analyses. The FEM of the package is based on the lumped mass and rigid link elements, as
presented in the chapter I1I because it is the simplest form of modeling to save time and effort
in constructing the model among the existing modeling techniques of the electronic package.
The rigid link elements used for simulating the package and bolted junctions have the
constraints in only three translational DoFs. As the boundary condition, six DoF constraints
are applied to the independent nodes of the rigid link elements of bolted junctions. To find the
most feasible modeling technique for evaluating solder joint safety, three different modeling
configurations for the BGA-type package, with various numbers of nodes on the PCB
connected with the lumped mass by a rigid link element, as shown in Fig. IV-9, were proposed
and investigated. Types 1, 2, and 3 correspond when the rigid link elements are connected to
the numbers of 4, 8, and 9 nodes on the PCB, respectively.

The shell elements of QUAD4 and TRI3 are used for modeling the PCB as they provide
more precise board strain results compared with the solid elements, which could overestimate
the stiffness due to the inability to provide the rotational DOFs. Here, the package mounting
area, which is equivalent to the package body size, is uniformly modeled by QUAD4 elements.
Because the board strain is overestimated when the element is constrained by a rigid link, a
technique to determine the appropriate size of the shell element is essential to mitigate the

overestimation problem. In practice, it is known that the solder joint becomes vulnerable to
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fatigue failure under mechanical loading as the density of the solder ball array decreases
because it typically leads to a reduction in the size of the solder ball [15]. Based on this, we
found that reasonable strain estimation is possible for the BGA package when the element size
is equivalent to the value of the package body length divided by the number of solder balls on
one side of the package. For the PBGA388 package, with a length of 35 mm and a number of
26 solder balls on one side, the element size was approximately 1.35 mm, and this value was
used in the FEM modeling shown in Fig. IV-8. This modeling technique is advantageous as it
enables a reflection of the effect of the density of the solder ball array even if its actual
configuration is not implemented in the FEM. For the rest of the area on the board, a mesh
size that can obtain uniform mesh quality is recommended. In this study, a 1.5 mm mesh size

was used for the FEM. After the random vibration analysis, &, ax is derived from the RMS
nodal strains extrapolated from the element centroid. Here, &, e is the averaged value of

strains at four nodes belonging to the cornermost QUAD4 element in the package mounting

area, as shown in Fig. IV-10.
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A : 0D lumped mass element
X : Location of node connected by rigid link element

Ele ackage (0D lumped mass
+ rigid link elements** connected with

Vi n.n ds oCB;E'g IV-9[

6 DoF fixations for
screw joints (4 EA)

PCB (modeled usinsl element)* |

* Mesh size of PCB (mm)

- Package mounting area: Package length/No. of solder joints on one side
- Rest of the PCB area: Sufficient value for uniform mesh quality (1.5mm was used in this study)

*#* Rigid link element (used for package. fixation points)

- 3 trans. DoF constraints (6 DoFs constraints applied at independent node of each rigid link element)

Fig. IV-8 Example of FEM of PCB assembly with Case 1 modeling technique for

electronic package
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(©
Fig. IV-9 Various simplified modeling techniques for electronic package ((a) Type 1 (4

nodes connection), (b) Type 2 (8 nodes connection), (c) Type 3 (9 nodes connection))
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2 Fig. IV-10 Calculation method to derive €p max from simplified FEM
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2.  Mechanical Safety Evaluation

Prior to the structural analysis of sample PCBs, the conformity between measured and
analyzed dynamic responses of sample PCBs was investigated based on the bare PCBs in Case
1, 2 and 3 without packages. The FEMs of these bare PCBs were constructed and random
vibration analysis was performed. Cases 1-1 and 1-2 were not analyzed because the board
configurations are same as that of Case 1 and only difference is the mounting location of PCB.
Figs. IV-11~IV-13 are measured and analyzed PSD acceleration responses of bare PCBs and
these comparison results are summarized in Table IV-4. The modal damping values of 0.02,
0.0355 and 0.047 was applied in the analyses of Case 1, 2 and 3. The damping ratio is a
function of stiffness, damping coefficient and mass of the system. Increased modal damping
values of Cases 2 and 3 are caused by smaller masses of the PCB compared with the Case 1.
Same phenomenon was also reported in previous researches on the vibration response
characteristics of metal beam and PCB [56-57]. The analyzed Grms responses and f;, values
of all the bare PCBs correspond with the measured ones with only maximum difference of
2.7 % and 3.4 %, respectively. Although the bare PCBs in Cases 1 and 3 showed some
differences in response at 2" or 3" peaks, it does not a problem for analysis since the 1% peak
response is dominant in terms of the mechanical safety of solder joint. Therefore, we
concluded that the FEM of PCB provides reliable analysis results.

After construction of the FEMs with various modeling techniques shown in Fig. IV-9,
modal analysis was performed for each case. The representative results of the first three major
mode shapes of the Case 1 PCB constructed by the Type 3 modeling are shown in Fig. IV-11.
The analyzed values of f;, for each sample PCB are summarized in Table IV-4. Table IV-5

summarizes the estimation results of TTF.eq for survival in the scenario shown in Fig. IV-2.
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1 The results indicated that TTF..q = 35.2 min became the design criterion for electronics. Fig.
2 1V-12 shows the variation of the estimated DF asafunctionof f;, when TTF..q =35.2 min.
3  Itcanbe seen that DF becomes larger than 1.0 as the f, increases. In contrast, the previous
4 studies [4, 13] used FoS,, =1.11-1.4 regardless of the f,,, which is equivalent to DF=0.71—
5  0.91. These results indicate that the DF estimated by TTF.q in accordance with the
6  proposed methodology would be effective to prevent the unnecessary margin for fatigue life

7  of solder joint.
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2 Fig. IV-11 Measured and analyzed PSD acceleration responses of bare PCB in Case 1

(w/o package)

127

Collection @ chosun



Test (Input, 19.9 Grms)

Test (Output, 65.9 Grms)
----- Analysis (Input, 20.03 Grms)
----- Analysis (Output, 64.11 Grms)

1000 ¢ ! R ! ! R 3
—~ 100 &
N E
L
~
e 1w |
— ]
S ]
)
o 1 E
> 3
> ]
8 i
< 0.1
O
) L
O 001t

0.001

100 1000
Frequency (Hz)

Fig. IV-12 Measured and analyzed PSD acceleration responses of bare PCB in Case 2
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Fig. IV-13 Measured and analyzed PSD acceleration responses of bare PCB in Case 3

(w/o package)
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2 Table IV-4 Summary of measured and analyzed responses of bare PCBs

Case Measured Gyms Analyzed Gims Difference (%)
Response Response
1 70.6 71.58 1.4
2 65.9 64.11 2.7
3 59.5 60.72 2.0
Case Measured f, (Hz) Analyzed f, (Hz) Difference (%)
1 205 201 1.9
2 348 360 34
3 485 484 0.2
3
4
5
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130



131

{“ICollection @ chosun



(c)
Fig. IV-14 Mode shapes of sample PCB in Case 1 with Type 3 package modeling ((a) 1st

mode: 198.2 Hz, (b) 2nd mode: 386.8 Hz, (¢) 3rd mode: 520.5 Hz)

o o1 AW N P

132

Collection @ chosun



1 Table I'V-5 Analyzed values of f,, for each sample PCB assembly

Type 1 FEM Type 2 FEM Type 3 FEM
Case
(4 nodes connection) (8 nodes connection) (9 nodes connection)

1 186.0 196.7 198.2

1-1 188.4 196.1 197.0

1-2 193.0 194.5 196.0

2 351.1 389.3 3934

3 537.2 627.2 635.9
2
3
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1 Table IV-6 Estimation results of TTF,., for survival of solder joint in test and launch

2 processes

Step Factor | Value | Unit Remarks
No. of tests per each test
n 3 - -
level
FULTS IS b 6.4 - for solder or lead frame material
solder joint '
Duration for a single test .
(min) trest 2.00 min | -
Duration for launch .
random vibration (min) Hnch 400 | min -
T.2a8 | 0.00029 | min |-
Toee | 0.0026 | min |-
Eqv. time for vibration
tests at each test level T-6dB 0.024 | min |-
(min)
T-sds 0.219 | min |-
Tods 2.00 min | -
Eqv. time for qualification .
test (comp. level) 2Teq | 674 | min .
Eqv. time for qualification for 3-axis tests
test (S/S level) 2Tssa | 074 | min
Eqv. time for launch (S/S STL 132 min Eqv._ to A'!' (Z_T -3dB),
level) 3 axis excitation
Factor of safety w.rt. | pog | 4 - | Referred ECSS-E-ST-32C
required fatigue life (min)
Required fatigue life for .
solder joint (min) TTFreq | 352 | min -
3
4
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2 Fig. IV-15 Estimated DF for estimated TTF.q as a function of f,
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Table V-7 summarizes the MoS calculated for each package using the proposed Oh-
Park methodology and Steinberg’s theory when the Type 1 modeling is applied. The results
derived from FoS,, = 1.11, used in the previous chapter, are also summarized in Table V-7
for comparison with the proposed methodology. Fig. IV-16 shows the TTFyeq calculated
using Egs. (IV-12) and (I'V-13) to validate the effectiveness of the methodologies. In this study,
the TTFpreq is considered to be accurate if it is within the range of four times longer and
shorter values of the minimum value of TTF;.s considering the scatter factor of 4.0 specified
in the ECSS standard [53]. The overall results obtained from both methodologies indicate that
the application of DF derived from TTFeq effectively mitigates the problem of excessive
margins in the MoS calculation. However, the opposite trend was observed between the
results of these methodologies. The MoS values calculated by Steinberg’s theory, based on
the TTF.q, seem to accurately represent mechanical safety because only the Case 1 package
failed at 34.5 min in the test, which is earlier then the TTF..q = 35.2 min, revealed the
negative margin. However, TTFy.eq for the Cases 1-2, 2, and 3 packages are much longer
than TTFes and this overestimation results from the theoretical limitations of Steinberg’s
theory. The Oh-Park methodology, however, provides conservative results for MoS and

TTFpreqa because the values of &, were excessive in most cases. This phenomenon was
max

caused by the strain concentration at the rigid link element connected to only four nodes of
the PCB, which has a largely different configuration as compared to the actual PBGA388
package with a 2D solder ball matrix. Therefore, we investigated the Types 2 and 3 modeling
with 8 and 9 nodes constrained by rigid links, respectively, to more effectively simulate the

actual package configuration.
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Table IV-8 summarizes the results of the MoS calculations based on the Type 2 FEM,
and the TTF,eq Vvalues obtained using Eqs. (IV-12) and (IV-13) are shown in Fig. IV-17. It
is evident that the MoS calculated by the Oh-Park methodology accurately represents the
mechanical safety with respect to TTF.eq = 35.2 min as compared with the results obtained
using the Type 1 FEM presented in Table IV-6. This is because the phenomenon of strain
concentration seen in the Type 1 FEM was mitigated by adding additional rigid constraint
points for the package. Meanwhile, the MoS calculated by Steinberg’s theory also seems to
well represent the mechanical safety; however, the graph shown in Fig. IV-14 indicates that
the TTF,eq values derived from Steinberg’s theory are still outside the acceptable error
ranges specified above, except for the Case 1-1 package. This means that the problem with
Steinberg’s theory seen in Table IV-7 and Fig. IV-16 could not be solved by changing the
package modeling configuration, whereas the Oh-Park methodology provides considerably
reliable results.

Table IV-9 and Fig. IV-18 show the results of the MoS and TTF,eq values calculated
by the design methodologies based on the Type 3 FEM. The MoS values obtained by the Oh-
Park methodology are similar to the results of the Type 2 model presented in Table IV-8.
However, the TTFyreq values for all the sample packages were within the specified error
range, which is more accurate than those of the Type 2 model. Although a maximum difference
of up to three times was observed between the TTFpreq and the minimum value of TT Feg
according to the sample cases, this degree of over- or under-estimation, is judged to be
acceptable in the evaluation because FoSys = 4.0 is considered in TTFH.q. In contrast, as
observed in the former analysis results using the Types 1 and 2 FEMs, Steinberg’s theory
continuously provides inaccurate results for the TTF,.eq, which is critical in reliable MoS

calculation. These results indicate that the problems associated with Steinberg’s theory cannot
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1  be solved regardless of the modeling technique used. These results validated the effectiveness
2 of the Oh-Park methodology for evaluating solder joint safety in comparison with previous
3 methodologies. In addition, we also concluded that the Type 3 FEM with 9 nodes of PCB
4 connected with a rigid link element is the most feasible solution for reliable and rapid design
5  evaluation of electronics based on the proposed methodology among the Type 1-3 modeling

6  techniques.
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1  Table IV-7 Comparison between methodologies based on MoS of sample PBGA388

2  package calculated using Type 1 FEM

: . . DF MoS MoS
Case . ., pma’f (TTF req (TTF req (FoS,
(u-strain/s)| (u-strain) | (u-strain) |_35 » i) |—352 min)| =1.11)

1| 666,933 91.6 570.7 0.542 -0.70 -0.86

1-1 | 628,179 96.2 530.7 0.543 0.67 -0.84

Oh-Park | » | 517938 178.9 179.7 0.545 0.83 0.10

methodol.

2 | 879,625 70.0 398.7 0.599 2071 -0.84

3 | 987,798 60.9 2927 0.640 0.67 -0.81

, , DF MoS MoS
Case r Aoy max (TTF req (TTF req (F OSm
(mm) | (mm) 15 > min)|=35.2 min)| =1.11)

1 1.000 0.201 0.363 0.542 0.02 -0.50

1-1|  0.887 0.226 0.291 0.543 0.43 0.30

Steinberg’s

theory | 12| 0332 0.604 0.135 0.545 721 3.03

2 1.000 0.148 0.072 0.599 2.44 0.86

3 1.000 0.131 0.024 0.640 7.52 3.91

3
4
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@ ITFpea (Steinberg's theory)
A TTFea (Oh-Park methodology)
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2 Fig. IV-16 Comparison between TTF and TTF..q calculated by methodologies
3 with Type 1 FEM
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1  Table IV-8 Comparison between methodologies based on MoS of sample PBGA388

2  package calculated using Type 2 FEM

Case . & £Pmax (T?FF (ngs (anlo(.)SS
(p-strain/s))| (u-strain) | (u-strain) |_35 5 i35 2 min)| =1.11)

1| 358000 | 1402 | 2897 | 0.547 012 | -056

1-1] 312,581 | 1508 | 2537 | 0547 0.09 -0.46

n?e}:ﬁi flrokl 12| 246,408 | 1693 | 201.6 | 0.546 0.54 -0.24
2 | 502239 | 1137 | 2053 | 0.609 009 | -0.50

3| 602,408 | 99.5 1529 | 0.656 2001 0.41

Case r Zaltow Zmax (T?FF (TI‘;:'S (Fnjlo(.)SS
(mm) | (mm) | min)|=35.2 min)| =1.11)

1| 1000 | 0201 | 0279 | 0.547 0.31 -0.35

-1 0887 | 0226 | 0228 | 0547 0.81 0.1

St‘:}if;%f,ryg’s 12| 0332 0.604 | 0.120 | 0.546 8.22 3.53
2| 1000 | 0148 | 0069 | 0.609 2.53 0.94

30 1.000 | 0131 | 0012 | 0656 15.62 8.82
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@ I1TFp.: (Steinberg's theory)
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2 Fig. IV-17 Comparison between TTF and TTF..q calculated by methodologies
3  with Type 2 FEM
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1  Table IV-9 Comparison between methodologies based on MoS of sample PBGA388

2  package calculated using Type 3 FEM

& e . DF MoS MoS
Case . ., pma)f (TTF req (TTF req (FoS,
(u-strain/s)| (p-strain) | (u-strain) |_35 5 iny|=35 5 miny| =1.11)
1 358,000 145.2 269.4 0.547 -0.02 -0.51
1-1 312,581 152.3 247.4 0.547 0.13 -0.45
Oh-Park 1 » | s46408 | 1623 | 2179 | 0.546 0.23 033
methodol.
2 502,239 118.6 191.0 0.609 0.02 -0.44
3 602,408 103.1 144.0 0.656 0.09 -0.36
7z 7 DF MoS MoS
Case r allow max (TT Freq (TT Freq ( Fo Sm
(mm) | (mm) e > min)|=35.2 min)| =1.11)
1 1.000 0.201 0.270 0.547 0.36 -0.33
1-1 0.887 0.226 0.216 0.547 0.91 -0.06
Steinberg’s
theory 1-2 0.332 0.604 0.114 0.546 8.70 3.77
2 1.000 0.148 0.042 0.609 4.79 2.18
3 1.000 0.131 0.012 0.656 15.60 8.82
3
4
5
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with Type 3 FEM
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D. Methodology Validation on Various Packages

1. Sample Set #2: CCGA624 Package

In the present study, we also evaluated the 624-pin ceramic CGA (CCGA624) package,
presented in the previous chapter based on the Oh-Park methodology with the Type 3 FEM
modeling technique. A daisy-chained CCGA624 package with a size of 32.5 mm X 32.5 mm
x 4.9 mm was mounted on the center of the PCB with dimensions of 100 mm x 100 mm x 2
mm. The total mass of the PCB assembly is 51.1 g, including the package with a mass of 13.3
g. An array of Sn20-Pb80 solder columns was integrated on the PCB using a Sn63-Pb37
material. The sample PCB was exposed to 28 Gms of random vibration excitation until the
daisy-chain resistance indicated failure of the solder joint. A TTFiest = 5.38 min was
observed from the test results. The FEM was constructed using the approach shown in Figs.
IV-8 and IV-9. The analyzed f,, was 382.6 Hz.

Table IV-10 summarizes MoS and TTF values calculated by the design methodologies.
The test results in the Section III-C showed that the fatigue fracture was occurred at the solder
column. This means that the evaluation shall be performed by applying the value of b for
Sn20-Pb80 material, however, it has not yet been developed thus far. Therefore, in the analysis,
we applied b=3.44 that was originally developed for Sn10-Pb90 column material [11] as a
substitute. The MoS calculated by the Oh-Park methodology using DF showed a negative
margin and it accurately represents the mechanical safety as TTF,eq Was smaller than the
TTF.eq = 35.2 min. In addition, TTFpreq has only 1.72 times difference with TTFieg:. In
contrast, using Steinberg’s theory still provided inaccurate results. These results indicate that
the proposed Oh-Park methodology is also effective for providing reliable evaluation results

on the CCGA package.
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1  Table IV-10 Comparison between methodologies based on MoS of sample CCGA624

2  package
MoS TTF
Design DF MoS .
: Diff. btw.
methodol. & & Pmax (TTFpeq|(TTF eq|TTF yreq | TTF eg: TTF
(strain /) (-strain) (u-strain) =352 | =352 | (min) | (min) | .
min) | min) (times)
Ob-Park | o3¢ 668| 67.8 | 3489 | 0395 | -0.51 | 3.12 | 538 1.72
methodol.
MoS TTF
Design DF MoS .
Diff. btw.
methodol. r Zatow | Zmax |(TTFyieq|(TTF eq|TTFpreq| TTF s lTT F
(mm) | (mm) | =352 | =352 | (min) | (min) i
min) min) (times)
Steinberg’s | 5| 0141 | 0.09 | 0395 | 298 | 4124 | 538 | 7665
theory
3
4
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2. Sample Set #3: QFP208 Package

In addition to the BGA and CGA type packages, the effectiveness of the proposed design
methodology was also evaluated with regards to the QFP type package as well. This package
is also one of the common types applied for the electronics being developed recently. In this
study, a daisy-chained 208-pin QFP (QFP208) package was selected for the methodology
evaluation. Figure IV-19 shows the illustration of the PCB sample with QFP208 package and
the specifications of the package are listed in Table IV-11. The package with a size of 28 mm
x 28 mm *x 4 mm was mounted on the PCB sample with dimensions of 243 mm % 160 mm x
2.4 mm, and the total mass of PCB assembly is 196 g. The copper lead frames of the package
were soldered on the PCB using Sn63-Pb37 material. Figure IV-20 shows set-up for random
vibration fatigue tests. The sample PCB was exposed to 14 Grys of random vibration excitation
until the daisy-chain resistance indicated failure of the solder joint. A TTF o5t =277 min was
observed from the daisy-chain resistance measurement results shown in Fig. IV-21.

In this study, we proposed the simplified modeling technique for QFP type package and
it is illustrated in the Fig. IV-22. The overall modeling methodology is same as that shown in
Figs. IV-8 and IV-9, but the difference in contrast to the modeling of BGA package is that the
number of 16 points at the edge of the package body area are connected by rigid link element.
The structural analysis was performed after making the FEM. Figure IV-23 shows
representative mode shapes of the QFP208 PCB. The analyzed board f, was 119 Hz. Table
IV-12 summarizes MoS and TTF values calculated by the design methodologies. The MoS
calculated by the Oh-Park methodology using DF showed a positive margin and it accurately

represents the mechanical safety because TTFpreq was 120 min than the TTF.eq = 35.2 min.

In addition, TTFpreq=120 min has only the difference of 2.31 times with TTFieq. Meanwhile,
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1  the Steinberg’s theory showed the similar results as that of the Oh-Park methodology. The
2 reason for the accurate results of the Steinberg’s theory is that the mode shape is close to the
3 ideal half-sine wave such that the Z,;o, 1s calculated with minimal error. The conclusion of
4 the analysis is that the proposed Oh-Park methodology might be also effective for providing

5  reliable evaluation results on the QFP package.
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I:l : Area of Clamping Fixation

Fig. I'V-19 Illustration of PCB sample with QFP208 package



Table IV-11 Specifications of QFP208 package

Package No. Configuration Properties
Package Type: QFP
Pin Count: 208
Ul Mount Type: Surface Mount

Size (mm): 28x28x4
Mass (g): 5.4
Solder Material: Sn63-Pb37

Collection @ chosun
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Fig. IV-20 Random vibration test set-up for QFP208 PCB sample (sample set #3)
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A : 0D lumped mass element
X : Location of node connected by rigid link element

2 Fig. I'V-22 Simplified FEM modeling technique for QFP package
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(c)
Fig. IV-23 Representative mode shapes of QFP208 PCB ((a) 119.0 Hz, (b) 216.1 Hz, (c)

374.1 Hz)
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1  Table IV-12 Comparison between methodologies based on MoS of sample QFP208

2 package (sample set #3)

MoS TTF
Design DF MoS .
methodol. | & £ | Eomax |TTFreq|(TTFreq |TTFprea| TTFygge | 10 0
(wstrain 5) (u-strain)| (u-strain)) =352 | =352 | (min) | (min) (times)
min) min)
Oh-Park 254,621 208.1 | 340.5 | 0.506 | 0.21 120 277 2.31
methodol.
MoS TTF
Design DF MoS .
methodol. £ Ec spmax (TTF req (TTF req TTF pred TTF test leT'i:.TlI)?tW.
(istrain /5) (p-strain)| (u-strain)| =35.2 =352 | (min) | (min) (e
min) min)
Steinberg’s | ¢15 | 0524 | 0.801 | 0506 | 029 | 1842 | 277 1.50
theory
3
4
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3. Sample Set #4: PBGA388 Package

The evaluation on the PBGA388 package was additionally performed with respect to the
PCB with different boundary condition with that shown in Fig. 11I-24 and III-25. Figure IV-
24 shows the illustration of the PCB sample used for the methodology evaluation. The PCB
has same dimensions in area as those shown in Fig. IV-22. However, the difference is that the
PCB thickness was reduced from 2.4 mm to 1.2 mm and the stiffener made up of aluminum
6061 with 0.8 mm thickness was integrated on the bottom side of the PCB. The sample PCB
was exposed to 20 Gms of random vibration excitation until the daisy-chain resistance
indicated failure of the solder joint. A TTF;.s; =277 min was observed from the daisy-chain
resistance measurement results shown in Fig. IV-25. The FEM was constructed using the
approach shown in Figs. IV-8 and IV-9. The analyzed f,, was 104 Hz.

Table IV-13 summarizes MoS and TTF values calculated by the design methodologies.
The MoS calculated by the Oh-Park methodology using FoS,, showed a positive margin
and it accurately represents the mechanical safety because TTFy..q was 158 min than the
TTF.¢q = 35.2 min. In addition, TTFy..q has only the difference of 1.8 times with the
TTF;.s:. However, the Steinberg’s theory showed inaccurate results as the calculated MoS
was -0.50 and TTF,,.q was 13.4 min. These results indicated the effectiveness of the

proposed Oh-Park methodology for different boundary condition of PCB.
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Fig. I'V-24 Illustration of PCB sample with PBGA388 package
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1  Table IV-13 Comparison between methodologies based on MoS of sample PBGA388

2 Package (sample set #4)

MoS TTF
Design DF MoS .
. Diff. btw.
methodol. & & Pmax (TTFyeq|(TTFyeq |TTFpreq | TTF et TTF
(strain /) (-strain) (u-strain) =352 | =352 | (min) | (min) | .
min) || min) (times)
Oh-Park 1,14 295| 2048 | 327.9 | 0495 | 026 | 158 | 282 1.8
methodol.
MoS TTF
Design DF MoS .
Diff. btw.
methodol. r Zatow | Zmax |(TTFyieq|(TTF eq|TTFpreq| TTF s lTTF
(mm) | (mm) | =352 | =352 | (min) | (min) i
min) min) (times)
Steinberg’s | 75 | 0.626 | 1473 | 0495 | -0.14 | 134 | 282 21
theory
3
4
5
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E. Considerations in Practical Structural Design of Spaceborne

Electronics

For the structural design methodology proposed in this study to be used in the practical

structural design of spaceborne electronics, the mechanical safety evaluation process is better

to be minimized in the viewpoint of a rapid design and evaluation.

1) Possibility of minimizing mechanical safety evaluation process

The evaluation approach described in Fig. IV-1, obviously, requires an increased
number of calculation steps to reach the final evaluation results as compared to those of
Steinberg’s theory that only needs steps 1, 2 and 6. However, steps 3 and 4 to derive the
TTF.eq might be sufficient to be performed once in an entire space program because test
and launch processes for all the electronics are determined in accordance with the
development model philosophy established in early design process of spacecraft.
Meanwhile, the value of DF in step 5 is originally intended to be calculated for each
package because f;, would be different for each package. However, the highest value of
DF among the values for all the packages in the electronics can be derived and applied to
all the packages. This would also simplify the calculation process.

In case of the FEM modeling technique for electronic package shown in Fig. V-8,
simulating the package by mesh sizing of the package mounting area on the PCB and
connecting different number of rigid links according to the package type is necessary for
estimating reliable MoS based on PCB strain. This requires more effort as compared to
that of the Steinberg’s theory. However, the package type and the number of solder joints

on one side of package can be easily found in the package datasheet or specification. No
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other mechanical information is needed to model the package. Therefore, we can say that
it would still be useful for rapid model construction and analysis of electronics, even in the

initial structural design phase when the electronics design is not mature.

2) Absence of S-N data of solder or lead material
One potential problem in applying the proposed design methodology is that some
solder or lead material developed in recent does not have S-N curve data, which means the
absence of fatigue exponent b. This is the limitation in evaluating solder joint safety
because additional material fatigue tests are required to obtain that data, which is out of
scope of this study. Currently, there is no other option but to apply the value of other similar
solder or lead material. Nevertheless, if there is concern with vulnerability to fatigue failure,

additional fatigue tests of sample package might be one feasible solution.

3) Assumption in estimation of the number of fatigue cycles
In the proposed design methodology, the number of fatigue cycles N was derived by
fn X TTF.¢q. This simplified calculation approach was possible under assumption that the
N is directly related to f,,. Since the f, is the fundamental resonant frequency, the
participation of the other modes at lower or higher frequency range is not included in
estimating the value of N accumulated under given random vibration loading. In case of
the single PCB mounted on the rigid base, the f;, is obtained at first major peak response,
which is highly dominant in the modal participation point of view. To qualitatively prove
this fact, the number of positive zero crossings, N,*, were estimated and compared with

the f,,. The definition of N,* is the average number of times where the displacement
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trace crosses the zero axis with a positive slope [8]. This value can be estimated from

multiple number of responses at various PCB modes as the equation described below.

1/2
%’Pl'fl'Ql ) g'PZ'fz'Qz ) /
1| _er? © erf)?
Nt =— IV-14
O Toom| ZPif1Q1 FP2f20z, ( )
Cerf* T @rf)*

where, f, P and Q denote eigenfrequency, power spectral density at f and
amplification factor at f, respectively.

As a representative example of comparison between N, and f,, the bare PCBs in
Case 1, 2 and 3 described above were selected and their test results were used for the
estimation. The f and Q values were derived from three major modes for each PCB
from the low level sine sweep results. P were derived from the random vibration
specification in Table III-2. Table 1V-14 (a), (b) and (c¢) summarizes the results of
comparisons between N,* and f, for Cases 1,2 and 3, respectively. The results indicate
that all the sample bare PCBs showed N,* values having differences of less than 6.3 %
with f,. This means that the estimated TTF or N values would have a similar extent of
difference. This amount of error does not produce any problem in evaluating mechanical
safety of a single PCB by the proposed design methodology because the FoS..s=4.0 is
considered in the TTF.q. However, the modal participation at f;, could be less dominant
when the PCB integrated with the housing structure of the electronics as the dynamic
coupling between housing and PCB creates various complex modes. However, the error
still could be covered by the above FoS;. s value. If necessary, the estimation of N,*

might be one way to investigate on the use of f, for TTF.q estimation.
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2 4) Estimation of TTF.q in various space programs
3 In the proposed design methodology, TTF.eq=35.2 min was derived with regards to
4 the development scenario shown in Fig. IV-2. One thing to note is that it is not the fixed
5 value applied for every space program. The scenario shown in Fig. IV-2 was established
6 under assumption that a single electronics (FM) is developed and exposed to vibration
7 during qualification test, acceptance test and launch. If the scenario changes, TTF.q shall
8 be calculated based on the changed test and launch processes. In this study, several other
9 examples of TTF..q estimation in accordance with three assumed development scenarios
10 were provided. Followings are the development scenarios investigated in this study.
11
Scenario I EQM, QM and FM of electronics are developed and tested separately

Scenario 2

Scenario 3

12
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(One of the typical process in satellite development program) (Fig.

1V-26)

- The EQM or QM is not used for flight

One electronics is developed and undergoes PFM level test and

launch (Fig. IV-27)

- Typical duration of random vibration test at PFM level: 1 min
(*Qualification level: 2 min)

Reusable launch vehicle, 20 times of repetitive launch after

component acceptance test (Fig. [V-28)

- Vibration during re-entry of launch vehicle was not considered.
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Table IV-15 summarizes the estimation results of TTF..q with respect to scenario 1.
Here, we calculated TTF.oq for the qualification test of EQM or QM and acceptance test
and launch of FM. The TTF.y=25.4 min was estimated for the QM with FoSys = 4.0
and it was approximately 2.7 times larger value than that of FM even if it undergoes
component, payload and satellite system level acceptance tests as well as launch. Therefore,
if the structural design is analytically validated for TTFeq=25.4 min, the FM would not
be failed during acceptance tests and launch.

Table IV-16 summarizes the estimation results of TTF.q with respect to scenario 2.
Here, we calculated TTF.eq for the PFM level tests and launch of FM. The TTF.=45.5
min was estimated for the FM with FoSs = 4.0. This development approach would
reduce the development cost and schedule as compared to the scenario 1 shown in Table
IV-15. However, a care must be taken to the increased value of TTF.q in the structural
design of electronics.

Table IV-17 shows the estimation results of TTF.q with respect to scenario 3. Here,
we calculated TTF.eq for the QM and FM of electronics for launch vehicle. In this
scenario, the component-level qualification test is separately performed for QM of
electronics. FM is fabricated and tested at acceptance level, and then it goes to 20 times of
repetitive launch without refurbishment once integrated with the launch vehicle. The
TTF.eq=106.7 min was estimated for the FM with FoSi¢ = 4.0. This is 4.2 times larger
value than that of QM. These results indicate that the multiple number of repetitive
launches produce much larger fatigue damage on the solder joint of electronics as
compared to that of qualification-level vibration test. This factor shall be considered for

ensuring the structural safety of electronics.
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1 Table IV-14 Comparison between N, and f,, of bare PCBs

2 (a)Case 1PCB

Eigenfreq. Amp. Factor PSD Level
Mode
f (Hz) Q () P (G?*/Hz)
1 202 20.9 0.273
2 655 9.3 0.273
3 1644 3.21 0.11
Difference btw. Ny* and f, (%) 6.30
3
4  (b) Case 2 PCB
Eigenfreq. Amp. Factor PSD Level
Mode
f (Hz) Q () P (G?*/Hz)
1 360 26.8 0.273
2 681 3.38 0.273
3 1255 5.2 0.177
Difference btw. No* and f, (%) 3.90
5
6 (c) Case 3PCB
Eigenfreq. Amp. Factor PSD Level
Mode
f (Hz) Q () P (G?/Hz)
1 498 13.5 0.273
2 898 2 0.273
3 1771 5.84 0.09
Difference btw. No* and f, (%) 4.46
7
8
9
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oM Qual. vib. test QM
(comp. level) Completion

M Accep. 1-'1b__ test Accep. vib. test Acce{p_ vib. test Launch
(comp. level) (payload level) (S/5 level)

Vibration test process (qual level)
________________________________________________ \
! Test Initiation |
| 1
I 1
I x(-12 dB) x (-6 dB) 1 (3dB) x(0dB) I
I 0.5 min 0.5 min 1 min 2 min !
: |
! Y (0dB) y(-3dB) y(-6dB) y(-12dB) :
! 2 min 1 min 0.5 min 0.5 min |
| 1

1
; z(-12 dB) z (-6 dB) z(-3 dB) z(0dB) I
| 0.3 min 0.3 min 1 min 2 min 1
1
: |
1 Test Completion 1
I

Fig. IV-26 Assumed electronics development scenario 1 (Typical QM-FM approach)
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1 Table IV-15 Estimation results of TTF o for assumed development scenario 1

Step Factor Value Remarks
No. of tests per each test level N 3 .F;(S;z per each level in 3
Fatigue exponent for solder joint b 6.4 2;:;:? ror lead frame
T-12d8 0.00007 | -12
T-odB 0.0007 | -9
Eqv. time for vibration tests at each
test level (min) T-oce 0.006 | -6
T-308 0.110 | -3
Tods 20010
for low level tests (-12, -
t1 0.50 9. -6 dB)
Duration for a single test (min) t 1.00 | for accept. test (-3 dB)
to 2.00 | for qual. test (0 dB)
Duration for Iaunch random vibration " 400 | for launch
(min)
Eqv. time for qual. test
i (comp. level) (min) 2Teq 6.35
Eqv. time for accept. test
(comp. level) (min) 2Te 0.35
Eqv. time for accept. test
(payload level) (min) 2Tei 0.35
FM Eqv. time for accept. test
(SIS level) (min) 2155 035
. Eqv. to accep. test, 3
s tm(];{r?)r launch 2T 1.32 | axis excitation, 4 min
duration
Factor of safety w.r.t.
Required TTF (min) FoSur 4 | ECSS-E-ST-32C
Summary Required TTF for solder | TTFreg 254 | for QM
joint (min) TTFreq 9.5 | for FM
2
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PFM vib. test PFM vib. test PFM vib. test
FM = = &= ) ) > Launch
(comp. level) (payload level) (S/8 level)
Vibration test process (PFM level)

: Test Initiation

1

1

I x (-12 dB) % (-6 dB) x (-3 dB) % (0 dB)

1 0.3 mm 0.5 min 1 min 1 mun

1

1

! ¥(0dB) ¥(-3dB) y(-6dB) y(-12dB)

: 1 min 1 min 0.5 min 0.5 min

1

! z(-12 dB) z (-6 dB) z(3dB) z(0dB)

I 0.5 min 0.5 min 1 min 1 min

1

: Test Completion

Fig. IV-27 Assumed electronics development scenario 2 (PFM approach)

g B~ W N
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1 Table IV-16 Estimation results of TTFq for assumed development scenario 2

Step Factor | Value Remarks
No. of tests per each test level N 3 ';e;s;z per each level in 3
Fatigue exponent for solder joint b 6.4 Ig;tse(r)ilgf ror lead frame
T-1248 0.00007 | -12
T-od8 0.0007 | -9
Eqv. time for vibration tests at each test T ot 0.006 | -6
level (min)
T-3de 0.110 | -3
Tods 1.00|0
for low level tests (-12, -
t1 0.50 9, -6 dB)
Duration for a single test (min) t 1.00 | for -3 dB test
to 1.00 | for PFM test (0 dB)
Duration for Iaunch random vibration t 4.00 | for launch
(min)
Eqv. time for qual. test
(comp. level) (min) | ~7¢* 3.35
Eqv. time for accept. test
(comp. level) (min) 2Tein 3.35
FM Eqv. time for accept. test
(payload level) (min) 2T5isA 3.35
. Eqv. to accep. test, 3 axis
Eqv. time for accept. test o -
(SIS level) (min) 20 .92 | excliation, 4 min
Eqv. time for launch (min) | FoSus 4 | ECSS-E-ST-32C
Summary :
Requw_ed_ TTF for solder TTFreq 455 | for EM
joint (min)
2
3
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oM Qual. vib. test QM
(comp. level) Completion

M Accep. 1-'1b__ test Accep. vib. test Acce{p_ vib. test Launch
(comp. level) (payload level) (S/5 level)

Vibration test process (qual level)
________________________________________________ \
! Test Initiation |
| 1
I 1
I x(-12 dB) x (-6 dB) 1 (3dB) x(0dB) I
I 0.5 min 0.5 min 1 min 2 min !
: |
! Y (0dB) y(-3dB) y(-6dB) y(-12dB) :
! 2 min 1 min 0.5 min 0.5 min |
| 1

1
; z(-12 dB) z (-6 dB) z(-3 dB) z(0dB) I
| 0.3 min 0.3 min 1 min 2 min 1
1
: |
1 Test Completion 1
I

Fig. IV-28 Assumed electronics development scenario 3 (for reusable launch vehicle)
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1 Table IV-17 Estimation results of TTF g for assumed development scenario 3

Step Factor Value Remarks
No. of tests per each test level N 3 | tests per each level in 3 axes
Fatigue eij%?ﬁ?t LBl €l telB b 6.4 | for solder or lead frame material
T-12d8 0.00007
T-ode 0.0007
Eqv. time for vibration tests at
each test level (min) T8 0.006
T-a08 0.110
Tods 2.00
for low level tests (-12, -9, -6
t1 0.50 dB)
Duration for a single test (min) t2 1.00 | for accept. test (-3 dB)
to 2.00 | for qual. test (0 dB)
Duration for_ Iaunch random @ 4.00 | for launch
vibration (min)
Eqv. time for qual.
QM test (comp. level) 2Tcq 6.35
(min)
Eqv. time for
accept. test (comp. | 2Tc-a 0.35
level) (min)
Eqv. to accep. test, 3 axis
FM Eqv. time for excitation, 4 min duration per
accept. test launch, 20 times repetitive
(payload level) 20 26.32 launch (vibration during re-entry
(min) was not accounted for
estimation)
Eqv. time for
accept. test (S/S FoSus 4 | ECSS-E-ST-32C
Summary level) (min)
launch (min) TTFreq 106.7 | for FM test + launch (20 times)
2
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V. Conclusion

In this study, to find a more practical structural design methodology for evaluating
mechanical safety on the solder joint in the initial structural design phase of spaceborne
electronics under launch random vibration environment, a novel structural design
methodology based on MoS calculation with respect to the PCB strain, which makes up for
the drawbacks of the Steinberg’s fatigue failure theory, was proposed. As a first step for
implementing the design methodology, the effectiveness of the use of a PCB strain-based
methodology for evaluating solder joint safety was evaluated by comparing the calculated
MoS with the results of the fatigue test of the PCB sample with the PBGA packages and
TSSOPs under a random vibration environment. In the evaluation, the possibility of using a
simplified form of FEM for electronic package was also investigated via the comparison with
the detailed FEM. The comparison indicated that the MoS calculated based on the PCB strain
was much more effective in evaluating the mechanical safety on the solder joint compared
with the conventional Steinberg’s theory. In addition, the methodology based on the quasi-
static analysis of the simplified FEM using 0D lumped mass and rigid link element was found
to be applicable for structural design of electronics as a methodology based on the random
vibration analysis of a detailed FEM. The effectiveness of this methodology was also validated
for the CCGA package by comparing the calculated MoS with an additional sample test
under random vibration.

Based on the PCB strain-based methodology established as described above, a structural
design methodology that evaluates the solder joint safety according to the accumulated
exposure time to vibration during on-ground tests and actual launch was proposed and

investigated with the aim of solving the problem of structural overdesign of electronics caused
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by the conventional Steinberg’s design criterion. The proposed methodology, named as “Oh-
Park methodology”, evaluated solder joint safety by MoS calculation using FoS,,
estimated by total 0 dB equivalent time during the vibration tests and launch. This mitigates
problems associated with previous methodologies, i.e., the provision of an excessive margin
on the fatigue life of the solder joint. In this study, for the application of the proposed
methodology, simplified FEM modeling techniques of the electronic package based on the
lumped mass and rigid link elements were developed as a reliable and rapid solution to the
structural design of electronics. The novelties and important points of the Oh-Park

methodology proposed in this study are summarized in detail as follows.

1) PCB strain-based structural design methodology
The Oh-park methodology evaluates the mechanical safety of solder joint based on the
MoS calculation based on PCB strain as described above. The approach of using the PCB
strain for calculating MoS of solder joint is key point that provides the novelty of this
methodology and has not yet been proposed after appearance of Steinberg’s theory in 1970.
The proposed MoS calculation methodology eliminated the limitations of the Steinberg’s
empirical formula, which causes the calculation error in allowable displacement. This
could enable more reliable evaluation of solder joint safety in comparison with the

conventional Steinberg’s theory.

2) Mechanical Safety Evaluation Considering Actual Test and Launch Phases
The important issues associated with the Steinberg’s theory, focused in this study, was
that the design criterion of 2 x 107 cycles for random vibration provides excessive margin

on the fatigue life of solder joint much more than a necessary for survival in test and launch
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phases. The proposed Oh-park methodology evaluates the solder joint safety according to
the accumulated exposure time to the random vibration excitation in a series of on-ground
vibration tests and actual launch phases. This approach has not yet been proposed in the

previous studies.

3) FEM Modeling Technique for Electronic Package
In regards to the problem of inaccurate mechanical safety evaluation using the
Steinberg’s theory, the fatigue life prediction theories based on the detailed FEM of
electronic package were only solution thus far. However, as described above, the
construction and analysis of detailed FEM consumes too much time and effort, such that it
is difficult to evaluate the entire electronics with many number of PCBs and packages. The
simplified FEM modeling technique using 0D lumped mass and rigid link element,
proposed in this study, is effectively reduces the time and effort while proving a reliable
evaluation results of solder joint safety. A similar modeling technique has been used in the
previous studies, however, used only for analyzing the eigenfrequency and dynamic board
displacement. The modeling technique proposed in this study was developed to reliably
calculate the PCB strain by determining the number of rigid link connections and shell
mesh density of PCB according to various types of packages. This approach has not yet

been proposed in the previous studies.

For the experimental validation of the proposed Oh-Park methodology, PBGA388

packages mounted on the PCB with various boundary conditions were exposed to random
vibration until solder joint failure was observed. These test results were compared with the

MoS calculated in accordance with the evaluation process using the proposed methodology.
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1 TTF,q was also calculated to ensure the reliability of the methodology. In addition, we
2 validated the methodology for the CCGA package and QFP which are commonly used for
3 spaceborne electronics. All of the validation results indicate that the Oh-Park methodology
4 enables reliable and rapid evaluation of the mechanical safety of solder joints for spaceborne
5  electronics. In addition, it might contribute to the reduction in satellite development cost and
6  time as the minimization of the number of development models can be positively considered

7  based on the evaluation using the proposed methodology.

10
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V1. Future Study

The future works on the improvement of the novel PCB strain-based structural design

methodology beyond this study are described as follows.

1) Validation on various types of electronic packages & complex PCB configurations

In this study, the Oh-Park methodology was proposed with respect to the several types
of packages (PBGA324, PBGA388, CCGA624, QFP208). However, more evaluation
shall be validated with respect to the various packages and board configurations to ensure
the reliability of this methodology. For example, the other package types such as ceramic
QFP (CQFP), ceramic BGA (CBGA), leadless ceramic packages and through hole-type
packages are widely used for space application as well but they have not been
investigated in this study. In regards to the PCB, more complex configurations including
asymmetric shape of board and irregular locations of fixations shall be investigated in

the future.

2) Structural design methodology for mechanical shock environment
The Oh-Park methodology was initially proposed in this study for evaluating
mechanical safety for launch random vibration environment. However, the design
evaluation of electronics with regards to the mechanical shock induced by separations of
launcher stage and satellite with on-board deployable appendages shall be performed
analytically in the early design phase. Therefore, the methodology for shock environment

shall be developed in the future.
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1 3) Application of methodology in actual space applications
2 Based on the validations described above, the Oh-Park methodology will be evaluated
3 for potential use in other types of integrated packages, such as small outline packages
4 and quad flat packages. In the future, based on the results, the Oh-Park methodology
5 could potentially be applied in actual space programs such as small satellite development.
6 In addition, reusable launch vehicle would be one potential objective for application of
7 proposed design methodology.
8
9

10
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