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Abstract

Plastic Ball Grid Array (PBGA) packages (chips) mounted on a Printed Circuit Board (PCB) assembly are vulnerable and
are more likely to fail when they are subjected to random vibration environmental conditions. The proper positioning of
the packages on the PCB also influences the magnitude of the dynamic stresses induced in the vulnerable solder joints of
the PCB assembly. In this work, an effort is made to identify the best location for positioning the packages on the PCB,
which are subjected to severe random vibration load conditions. Investigations have been carried out by designing and
fabricating a multi-chip PCB assembly and several single-chip PCB assemblies (chips mounted at different locations on
the PCB) as per JEDEC standards. By subjecting these packages to random white noise input, numerical analysis and
experiments were sought to identify the vulnerability of the packages to various mounting locations in a novel way. Based
on the response stress PSD on the solder joints, the fatigue life of the PCB assembly was calculated. The results showed
that the fatigue life of the PCB assembly with PBGA package at the U6A position is significantly higher when compared

with that of a package at the center position of the PCB.

Keywords Plastic ball grid array - Printed circuit board - Random Vibration - Solder joints - Mounting location -

Fatigue life

1 Introduction

Electronic products fail over time when they are exposed
to extreme vibrating environments. These vibrating envi-
ronmental loading conditions are inevitable in automobile,
machining environments, aerospace, and spacecraft applica-
tions. Whenever an electronic product is employed in such
severe environmental conditions, it is subjected to extreme
fatigue and fails before its estimated life, leading to cata-
strophic effects [1]. The electronic components used in criti-
cal applications are subjected to random vibration loads and
induce failure in the vulnerable solder joints. As a result,

Responsible Editor: V. D. Agrawal.

>4 N. Muthuram
muthuramprod@gmail.com

S. Saravanan
ssaramail@gmail.com

Department of Production Engineering, PSG College of
Technology, Coimbatore 641004, India

vibration-induced failure is one of the most serious depend-
ability concerns for these machines with electronic devices
[2]. Also, the reliability of solder connections in electronic
devices is crucial to the operating performance of electronic
systems employed in safety-sensitive applications [3]. “The
corner solder joint inter-connection is the most vulnerable
part of any electronic assembly, as it undergoes maximum
deformation during vibration and hence susceptible to early
damage”. This deterioration progresses over time, eventu-
ally leading to solder joint fracture initiation, crack propaga-
tion, and connection failure, which leads to system failure.
As a result, the PCB’s life estimation is required beforethe
product launch to ensure the board’s longevity [4]. This also
assists manufacturers in reducing scrap and ensuring prod-
uct reliability. While designing high-reliability electronic
packages for critical applications, the fatigue of the solder
joints must be considered, as it is an important failure mech-
anism. In order to predict the fatigue life of the PCB assem-
bly subjected to random vibration loads, various attempts
have been made by the researchers and are reported in the
literature. To estimate the fatigue life of the PCB assembly,
Karthiheyan et al. [5] investigated the dynamic response
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properties of the printed circuit boards (PCB) under random
vibration loading. Random vibration tests were done with
FEA for the fatigue life prediction of PCB under differ-
ent service situations, as per JEDEC requirements, and the
results for different service conditions were compared. The
fatigue life of the PCB was calculated using the Wirsching
and Light model with rain flow adjustment for four distinct
conditions.

Su et al. [6] developed a model for the fatigue reliabil-
ity design for Metal Dual Inline Packages under random
vibration based on finite element analysis, physics of failure
model, and response surface approach. Saravanan et al. [7]
investigated the fatigue life of lead-free surface-mounted
BGA (Ball Grid Array) packages exposed to random vibra-
tion. The Palmgren-rule Miner was employed for random
vibration analysis to calculate the cumulative fatigue dam-
age. The permitted acceleration levels that the package
can endure were also determined for the selected factor of
safety, as well as the cumulative damage incurred by the
critical solder junction overtime.

Yusuf et al. [8] investigated on the influence of solder
pad size on a FBGA solder joint inter-connections. This
investigation was done on a memory modules subjected
to harmonic excitation by both global and local modelling
techniques. To identify susceptible areas of solder joints
under vibration, calculated displacements from the global
model were substituted along the established local model’s
boundary and fatigue life was estimated. It is concluded that
the solder pad’s geometry is one of the major design vari-
able in estimating the fatigue life through modelling tech-
niques which affects the overall stiffness of the system under
vibration. Doranga et al. [9] developed a novel validation
technique of the numerically developed PCB assembly to
address the issues of signal leakage and improper window-
ing of the frequency response function (FRF) by a step sine
testing procedure. A board level ball grid array package was
used to validate the global-local FE model and the resonance
based fatigue testing. The volume average Von-Mises stress
was used to predict the life of the solder joint and compared
with the results of the fatigue testing for validation.

Yu et al. [10] used vibration testing and FEA to estab-
lish a method for forecasting the fatigue life of PCBs under
random vibration loading. By altering the constant G input
excitation, the BGA packages were tested under sinusoi-
dal vibration loading to generate the stress-life curve. The
S-N curve was plotted using the stress from FEA and the
number of cycles obtained from the sinusoidal vibration
test. The Rain-flow cycle counting technique was used to
condense a wide range of stress levels into a set of simple
stress reversals. The finite elemental model was compared
and validated against the vibration test results by correlating
with the natural frequencies, damping ratio, mode shapes,
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and transmissibility function. Chen et al. [11] established
a system for calculating electronic component fatigue fail-
ure under vibration stress that integrates vibration fatigue
failure, finite element analysis, and theoretical formula-
tion. The findings revealed that the numerical model devel-
oped is precise enough to forecast fatigue life. The authors
concluded that the solder ball stress is maximum near the
component’s corner, where the real displacements from the
vibration test were fed into the FEA model. As a result, the
stress versus failure cycles (S—N) curve was generated by
connecting the obtained solder ball stresses and the num-
ber of failure cycles in the vibration test. When those test
components failed, Miner’s rule was used to calculate the
fatigue damage index.

Various researchers adopted several methodologies to
find the fatigue damage caused by varying environmental
conditions, especially the random vibration loads. As the
PCBs are used in critical applications such as deep tunnel
drilling, automobile dashboards, aircraft engines, and so on,
they may fail due to high cycle fatigue caused by the ran-
dom vibration loading during their service. Thus estimat-
ing the fatigue life of the critical solder joint in those PCB
assemblies is essential. Also, the location of the Plastic Ball
Grid Array packages mounted on the PCB majorly affects
the life of the solder joint, and it is critical to analyze the
orientation of the PBGA on the PCB.

Researchers have made numerous attempts to study the
dynamic characteristics of the PCB assembly with sur-
face mount packages at U1A, USA, USA, Ul1A & UI5SA
positions specified by JEDEC standards. However, most
of the work reported in the literature had their test vehicle
designed with electronic packages surface mounted on the
centre position only. Vulnerability of the other positions of
the package on the PCB was not well explored in any of the
existing literature. Hence a novel attempt has been made
to look at the possibility of improved fatigue life of elec-
tronic package at other locations of the PCB. Moreover, all
the existing literature works in this domain are endeavoured
only to estimate the fatigue life under various environmental
conditions. No work was found in literature to improve the
fatigue life of the PCB assembly considering the position of
the package. Also the magnitude of 1008 lead-free solder
ball’s stress distribution pattern on the locations other than
centre package of the PCB, its correlation with respect to
the position and their criticality was not detailed reported in
any of the literature work. Furthermore, this location study
lays a foundation for optimizing the package’s (PBGA-144)
location and orientation on product level.

In this work, modal and random vibration analyses
were done to find the stress induced in the critical solder
joint, eventually finding the corresponding fatigue life
of the PCB assemblies. The results are validated with the
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experimentation, and the position of the packages on the
board was studied with a single PBGA package in a PCB
assembly located at seven different positions, namely U2A,
U4A, U6A, USA, U10A, Ul2A, Ul4A of the PCB which
are the positions on the test vehicle for whom any research-
ers do not explore the dynamic characteristics.

2 Methodology

Modern applications require multi functionalities of an
electronic system that incorporates multiple surface mount
packages to do the given tasks [12]. With hundreds of bare
chips that may be arranged extremely closely together on
a substrate, Multi-Chip Modules (MCM) offer a very high
level of system integration. As a result, systems based on
MCM architectures can produce much denser circuits and
much shorter interconnect distances between the chips than
the systems in which the chips are packaged in single-chip
modules of the PCB [13].

The dynamic behavior of such a system depends upon
the equivalent mass (m), stiffness (k) of the system, and
damping (c) characteristics. Whenever such a system is per-
turbed with an exciting force, ‘F,,” at an operating frequency
(o), all the components of the system would start to vibrate
with the same frequency of excitation [14].

mi +ct + kx = F (1

F, = Fycos (wt) )

If the surface mount packages are located in positions with
the maximum dynamic displacements, the critical solder
joints may experience more strain [15]. The phenomenon
of resonance will occur when the frequency of excitation
(o) exactly matches the fundamental frequency (wy) of the
components mounted, and the dynamic amplitude (X) of the
components will go larger [14].

Fy

[(k —mw?) + w?]

X = 1/2 (3)

Table 1 Material Properties used for the analysis [10]

Material Young’s Modulus Poisson’s Den-
(GPa) ratio sity
(kg/m?)
FR-4 18.9 0.3 1900
SAC 305 51 0.36 7400
Silicon Die 130 0.22 2300
Molding Component 22.54 0.21 1880
Substrate 22.0 0.28 2000

In order to impede the dynamic amplitude of the electronic
components on a PCB, it is essential to avoid encountering
both frequenciesthe same to extend the fatigue life of elec-
tronic components [15].

For a printed circuit board of length ‘a’ and breadth ‘b’,
setting the strain energy of the board equal to the kinetic
energy (when there is no dissipated energy) will result in
the natural frequency if the board of uniform cross section
is fixed on four corners. The resulting natural frequency is

[16],

D 1 1
o= \/p (2t 52 O

where ‘D’ is a plate stiffness factor, and ‘p’ is the density of
the PCB substrate.To investigate the dynamic characteris-
tics of the PCB assembly, solder balls with SAC 305 (96.5%
Sn — 3.0% Ag — 0.5% Cu) was used in this research work
considering the health concerns over the toxicity of lead
(Pb) based solders [17-20].

2.1 Design of PCB Assembly

The dimension of the PCB used in the study was 132 mm
x 77 mm x 0.8 mm, designed as per JEDEC-JESD22-B111
standard [21] and made of FR-4 epoxy material. The CAD
model of the PCB with PBGA packages was created using
SOLIDWORKS 2018 modeling software, where each
PBGA package has 144 solder balls located at U2A, U4A,
U6A, USA, U10A, U12A, and U14A positions and they are
modeled with a solder material SAC 305 [22]. This PCB
assembly was used for the modal analysis to predict the nat-
ural frequency and mode shapes that are determined by the
properties like stiffness, mass, and damping properties. The
numerical analysis was performed with the help of ANSYS
2021 R1.

2.2 Modal Analysis

The modal analysis of the PCB assembly was performed in
ANSYS 2021 R1. The material properties of various ele-
ments used for the modal analysis are listed in Table 1. The
PCB assembly was meshed with solid elements, and adap-
tive sizing was used for meshing. The mesh quality met-
rics, skewness, and average orthogonal quality values were
found to be 0.4042 and 0.5937, which fall in the good spec-
trum as per the ANSYS mesh quality recommendations.
The meshed model of PCB assembly is shown in Fig. 1.
The PCB was constrained in all degrees of freedom by pro-
viding fixed support to the four corner holes used to mount
the PCB. As the dynamic characteristics of the PCB only in
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Fig. 1 Meshed model of the PCB Assembly

transverse vibrations are desired, even though the PCB is
made up of FR-4 composite material, the whole assembly is
assumed to be of a linear system.

2.3 Random Vibration Analysis

By virtue of the probabilistic nature of random vibrations,
the future behavior of such a vibrating system cannot be pre-
dicted precisely [23]. The randomness is not a characteristic
of the mode shape or natural frequency, but is a characteris-
tic of the input or excitation. Power Spectral Density (PSD)
is a probability statistic method where the power spectrum
can be displacement, acceleration, velocity, force spectral
density, or other forms.

Random vibration analysis was performed to analyze
the fatigue life of the PCB assembly with SAC 305 solder
junctions, which are susceptible to high cycle fatigue due
to random vibrations. The analysis was performed to deter-
mine the PCB assembly’s structural response and dynamic
characteristics under vibration loading conditions. ANSYS
software was used to perform the finite elemental analysis
to determine the response of the PCB system. For determin-
ing the PCB assembly’s response PSD, the modal analysis
results were given as input for the random vibration analysis.

The input PSD provided for the random vibration analy-
sis was a white noise of 0.01 G*/Hz with root mean square
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Fig. 2 Input PSD G-Acceleration Vs. Frequency graph

acceleration of 3G, over a frequency range of 100 Hz to
1000 Hz [24]. The same boundary conditions used for the
modal analysis were also used for the random vibration
analysis. The four corner holes on the PCB used for mount-
ing were established as fixed supports during the analysis.
Figure 2 represents the input PSD G-Acceleration (in G*/
Hz) over the frequency range of 100 Hz to 1000 Hz.

2.4 Experimentation

Experimental validation is generally done to check how
numerical analysis results agree with the experimental
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Fig. 3 Schematic circuit diagram of the PCB (top side) and Package (bottom side)

Fig. 4 Modal analysis setup

results. Here, results of the numerical analysis performed
using ANSYS 2021 R1 were validated against the experi-
mental results of the PCB with 7 PBGA package assembly
to compare the efficacy of the developed model. For manu-
facturing the PCB, a schematic circuit diagram of the PCB
system was designed using the software Altium Designer
V19.1. The PCB with dimensions of 132 mm x 77 mm X
0.8 mm was designed beholding the footprint of 7 PBGA
packages with the specification of 144 pins and 0.8 mm
pitch. The PBGA packages of 12 mm x 12 mm x 2 mm
were also designed and placed on the PCB as specified in
the CAD model. Figure 3 shows the Gerber file image of the
PCB and the package.

Figure 4 represents the modal analysis setup used for the
experimentation. The natural frequency was observed using
the LabVIEW V19 software. A block diagram was cre-
ated using the software for performing experimental modal
analysis to find the natural frequency of the PCB assembly
[25]. In order to monitor the response of the PCB assem-
bly, which was supported by a fixture for free vibration, a
tri-axial accelerometer was mounted on it. Furthermore, a

PCB
Assembly on
a Fixture

Accelerometer

Modal
Hammer

DAQ card was connected to the system, and the channel
to which the DAQ card connected was given as input in
the LabVIEW V19 software. To perform the modal analy-
sis, a modal hammer was used to create free vibration, and
the response plot of the vibration was obtained between the
time domain and frequency domain.

The LabVIEW program used for the modal analysis is
shown in Fig. 5. The DAQ card collects the data during the
vibration, and the waveform was plotted to visualize natural
frequency. The results from the experimentation are com-
pared with the numerical analysis results [26].

Figure 6 represents the random vibration setup used for the
experiment. In the random vibration experiment, a uni-axial
accelerometer was connected to the fixture of the shaker to
monitor the random input response to the electro-dynamic
shaker. Another tri-axial accelerometer was mounted on
the PCB assembly to measure the output response of it. An
Arduino board was used to measure the increase in resis-
tance of the designed Daisy chain circuit [27]. The external
circuit was created in Arduino to monitor the resistance of
every package [28]. The Arduino was connected to the setup
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Fig. 6 Random vibration setup Acceleration
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with the help of single-stranded wires. Copper wires were
soldered to the input and output ends for the live monitoring
of the resistance.The input conditions with PSD G-Accel-
eration of 0.01 G*/Hz were given in the Shaker controller
software, and a pre-test was conducted to check whether
the circuit was correct. Acceleration PSD was taken as an
output from LabVIEW software, a plot between frequency
(Hz) and amplitude (mm). The experiment was conducted
until all 7 PBGA packages failed. The packages were con-
sidered to fail when the circuit’s resistance exceeded 20% of
the initial resistance [29].
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2.5 Fatigue Life Prediction

The fatigue life of the PCB assembly subjected to random
vibration loads was calculated using a narrow bandwidth
approach under three different methods: Miner’s rule,
Wirsching & Light Method, and Ortiz & Chen Method.

2.5.1 Miner’s rule
In random vibration situations, many structural components

of electronic systems, such as solder joints, will be forced
to operate in their nonlinear ranges. Estimating their fatigue
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life is challenging because they must function in differen-
tenvironments; it is often convenient to assume that these
structural components are linear to determine their approxi-
mate fatigue life. In a linear system, the stress-induced will
be proportional to the dynamic displacements and the accel-
eration G level (in dimensionless gravity units) [23].

Based on the stress response values obtained from ran-
dom vibration analysis using ANSYS 2021 R1, Miner’s rule
was used to find the life of the PCB assembly [].

Sai = \/PSD x A f % crest factor (5)

Npi = Ax(S)™ (6)

Where S, ; is the stress amplitude (MPa), Af is the band-
width of the half-power points, S; is the fatigue strength
coefficient in MPa [31], m is equal to 1/b where b is the
fatigue strength exponent, and crest factor=1.414.

2.5.2 Wirsching & Light Method

A narrow-band process is harmonic and smooth. Every
peak has a matching zero-up crossing, implying that E[0+
1=E[P]. The wide-band method, on the other hand, is more
erratic. The ratio of the zero up-crossing rate to the peak
crossing rate measures this irregularity. The ratio is known
as the irregularity factor, *7’, shown in Eq. (7) [32].

_ E07] ;
v = EP (7

There are an unlimited number of peaks for every zero-up
crossing when Y= 0. This is considered a random process
with a wide band. A narrow-band random process with
a value of 7 = 1 that corresponds to one peak for every
zero up crossing. Alternatively, the breadth of a process’s
spectrum may be used to determine if it is narrow-band or
wide-band. As a result, the spectral width parameter,s )\ /is
defined in Eq. (8) as,

A= /1-792 (8)

If M; is the j"™ moment of a one-sided PSD function defined
as

M, = / :ijWsaf (@) )

2.5.3 Ortizand Chen Method

Oritz and Chen also derived another similar expression for
fatigue damage, Dyp, ORTIZ, under wide-band stresses,
shown in Eq. (10) as [33, 34].

Dwp, ORTIZ = 1% Dxp (10)
]\42 * ]\/[U "
— 11
To= 7% (\/MO*MH2> (1
and k=2/m

2.6 Study on Packaging Location on PCB

The location and orientation of the packages on a printed
circuit board play a vital role in the life of electronic sys-
tems. Stress distribution in the solder ball is influenced by
many parameters such as the number of solder balls on a
single package, position of the solder ball on the package,
position of the package on the PCB with respect to fixed
support location, length & width of the PCB board, dimen-
sions of the package used, the material used for the package
& PCB and solder connection present in the package [13].

Hence, the study of the location and orientation of the
packages on a PCB is essential to estimate the fatigue life of
the PCB assembly. This study modeled PCB assemblies with
a single PBGA package mounted at seven different positions
andthen subjected to random vibration loads. The stress dis-
tribution plot of the package at seven different positions of
PCB assembly was studied to find the critical solder joint
and the maximum stress on the package. The fatigue life
of the PCB assembly at seven different positions of pack-
ages was calculated based on the stress PSD obtained. The
package with the maximum life with minimum stress was
recommended for critical applications.

2.6.1 Design of PCB Assemblies with Single PBGA Packages

The PCB assemblies with a single PBGA package were
designed as per the JEDEC standard [21]. The dimension of
the PCB used in the study was 132 mm x 77 mm x 0.8 mm,
and it was made of FR-4 epoxy material, as shown in Fig. 7.
The 7 locations of the package used were at U2A, U4A,
U6A, U8A, U10A, U12A, and U14A positions. The CAD
model of the 7 PCB assemblies with single PBGA packages
(with the dimension of 12 mm x 12 mm X 2 mm) was cre-
ated using SOLIDWORKS 2018 modeling software. The
PBGA package has 144 solder balls with SAC 305 (96.5%
Sn —3.0% Ag — 0.5% Cu) as solder material. The designed
PCB assembly was used for the modal analysis to predict
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Fig. 7 Dimensions of the test board [21]

o— 3

the natural frequency and the mode shapes determined by
the material properties like stiffness, mass, and damping
properties.

The numerical analysis was performed with the help of
ANSYS 2021 R1. The four holes were given as fixed sup-
port for performing the analysis. The modal analysis results
were given as input for random vibration analysis, and PSD
G, of 0.01 G*/Hz were also given as input. The equiva-
lent stress values of 144 balls of every PBGA package
were taken as output, along with the stress PSD values. The
fatigue life of 7 different PCB assemblies with PBGA pack-
ages subjected to random vibration was calculated using
Miner’s rule, Wirsching & Light method, and Ortiz & Chen
method.

3 Results and Discussions

3.1 Modal Analysis of the PCB Assembly with 7
PBGA Packages

The modal analysis was performed for the PCB assembly
with SAC 305 as solder material. The analysis was per-
formed by giving a fixed support at four corner holes of
the assembly as input and natural frequency was obtained
as output. The first mode obtained has maximum defor-
mation in the USA position of the PCB location. The PCB
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underwent bending in first mode, and the maximum defor-
mation was observed at the center of the assembly. In second
mode, it experienced twisting, and the highest deformation
was observed at the assembly’s top and bottom ends (U6A
and U10A positions). In subsequent modes, the PCB expe-
rienced combined twisting & bending, and the maximum
deformation was observed at different PBGA packages of
the assembly [35].

The 3rd mode had its peak deformation inthe corner of
the assembly at the U3A and U13A positions. The 4th mode
had its highest deformation at the U6A and U10A positions.
Similarly, the 5th and 6th modes had their peak deforma-
tion at the ends of the assembly in U6A and U10A posi-
tions, respectively. All the natural frequencies obtained for
the PCB assembly with SAC 305 as solder material was
obtained within the random white noise input range of
100 Hz to 1000 Hz. For the PCB assembly with SAC 305
as solder material, the natural frequencies and their corre-
sponding mode shapes are shown in Fig. 8.

Table 2 shows the natural frequencies of the PCB assem-
bly with SAC 305 as solder material obtained through FE
analysis.

3.2 Experimental Validation

Free vibration test was performed experimentally to vali-
date the dynamic characteristics of 7-chip PCB Assembly
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Fig. 8 Mode Shape of PCB assembly from 1st mode to 6th mode

Table 2 Natural frequencies of the PCB assembly

Mode Natural Frequency(Hz)
1 189.53
2 339.05
3 473.44
4 533.95
5 678.79
6 762.66

with SAC 305 solder obtained from the Finite Element
method. Using LabVIEW 2019 software, the amplitude
of acceleration Vs.Time plot and amplitude of accelera-
tion Vs.Frequency plot was obtained, as shown in Fig. 9.
It is observed from the plot that all the natural frequencies
obtained correlate well with the FE results.

In higher modes, small variations are found in the trans-
missibility and natural frequency of the fabricated structure
with that of a numerically developed model. This is due
to the differences in the manufacturing tolerances in sheet
metal thickness, surface finish, interface pressures, surface

( d ) (1] E1) ()
 —
1150 5250 u m

(f) ) »0 0
]

150 5250 n m

flatness, material hardness, humidity conditions, and assem-
bly sequence [16]. However, the variations found among
them are within the allowable limit (less than £10%) the
numerical model developed is validated and can be used for
further analysis. The damping characteristics observed from
the modal testing are listed in Table 3.

3.3 Random Vibration Analysis of the PCB Assembly
with 7 PBGA Packages

The results from the modal analysis were given as input for
random vibration analysis along with G, of 0.01 G*/Hz.
Equivalent stress and total deformation were taken as output
along with the stress response PSD. For the PCB assembly
with SAC 305 solder joints, the critical area subjected to
maximum stress was found in the corner solder ball of the
PCB assembly (Solder ball 12) [32]. From the equivalent
stress results, it is understood that the center package located
at the USA position on the PCB has the critical solder joint,

@ Springer
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Table 3 Damping characteristics of the PCB assembly

S.No. Mode Natural Fre- Damping Damp-
quency (Hz) (Hz) ing
(%)
1. 1 188.5 2.35 1.27
2 346.3 3.74 1.21
3 3 481.0 5.13 1.05

hence the location is identified as the most vulnerable posi-
tion on the PCB.

Figure 10 shows the equivalent stress induced in the PCB
assembly and a critical solder joint (Solder ball 12), with
a maximum stress value of 21.74 MPa. It is inferred from
the results that the corner ball of the package experience
maximum stress, and the corner ball tend to fail first when
subjected to random vibration loads.

The stress response PSD curve is shown in Fig. 11 for the
PCB assembly with SAC 305 solder. The stress response
PSD values obtained due to random vibration loads cor-
respond to the natural frequencies obtained in the modal

analysis. The stress PSD value of 120.64 MPa*Hz was
obtained in the first mode of 189.53 Hz. Similarly, the sec-
ond and third peak stress PSD values of 0.3563 MPa*/Hz
and 0.1743 MPa%/Hz occurs at fourth and sixth mode of
533.9 Hz and 762.86 Hz, respectively.

3.4 Fatigue Life Calculation

The stress response corresponding to the natural frequencies
obtained from the stress response PSD of the random vibra-
tion analysis for PCB assembly with SAC 305 as solder
material is shown in Fig. 11. The values of the stress PSD of
the response are presented in Table 4.

3.4.1 Fatigue Life Calculation for the PCB Assembly with 7
PBGA Packages

The fatigue life of the PCB assembly with two different
solder materials under Miner’s rule, Wirsching & Light
method, and Ortiz & Chen method are presented in Table 5.

24157
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Fig. 10 Equivalent Stress induced in (a) the PCB Assembly and (b) a Critical solder joint

@ Springer



Journal of Electronic Testing (2024) 40:761-776 771
1000.
120.64 A
IR 120.64 MPa?/Hz at
. /| | 189.53 Hz
1 [\
5. J \ 0.3563 MPa?/Hz at
” \ 533.9 Hz 0.1743 MPaZ/Hz at
— . \ 762.86 Hz
E 0.5 N \ ¢
~ A
~ 025 fl
© i h A A
a 01| __—" /] .{"’
E S.e:2 . ,»'( “'\ .II .ﬂ
D 2.5¢-2 T . Y i “' / “I‘
(‘£ 1,62 \“ o *"/ .‘w "“’ "‘
7, Se3 \ ,n"‘ "L,
w0 \ /
Q 25e3 \ / \
:;; 1.e3 "‘ ,"/
S.e4 “"‘ / i
2.5¢4 "‘I ,"/
led ‘; ,“"‘ ’
4.1633e-5 “.‘
100, 250. 500 1000.
Frequency (Hz)

Fig. 11 Stress response PSD Curve for PCB assembly

Table 4 PSD of stress response at natural frequencies

Natural Frequency (Hz) PSD of the Stress Response (MPa%/Hz)
189.53 120.64

5339 0.3563

762.86 0.17431

Table 5 The fatigue life of the PCB assembly

Methods Solder ball
material and
their Fatigue
Life (minutes)

Miner’s rule 36.53

Wirsching & Light Method 38.77

Ortiz & Chen Method 56.5

Since the assumption of the linearity between the
dynamic displacement and the induced stress was taken
into account in the Miner’s rule of fatigue life prediction
model, it is inferred from the fatigue life study that a 6.1%
of variation has been found between the Miner’s rule and
Wirsching & Light method. Whereas, due to the simplified
assumptions in the Ortiz & Chen method, 54.7% variation
has been found in the fatigue life of the PCB assembly when
compared with Miner’s rule.

Ortiz and Chen’s method relies on simplified assump-
tions about the loading conditions and material behavior. It
assumes that the loads are Gaussian distributed and that the
material response follows linear elastic behavior. In reality,
random vibration loading conditions can exhibit non-Gauss-
ian characteristics, and material behavior may deviate from

linear elastic assumptions, leading to deviated fatigue dam-
age accumulation when compared with other fatigue life
prediction methods. Furthermore, Ortiz and Chen method
overlooks the frequency content of the random vibration
loading by assuming the fatigue damage is solely deter-
mined by the root-mean-square (RMS) value of the load,
ignoring the potential contribution of specific frequency
components that may result in varied fatigue life.

3.5 Experimental Validation

An experiment was conducted to validate the fatigue life
obtained from the results of the PCB assembly subjected
to random vibration through numerical simulation. A swept
sine test was performed before the random vibration test to
validate the natural frequencies obtained from modal test-
ing. The solder joint failure was identified by real-time
monitoring of the resistance in the daisy chain circuit.
The resistance of the daisy chain circuit can be calculated
continuously using a simple voltage divider circuit and an
Arduinocircuit [36]. In the Arduino circuit, the unknown
resistance was replaced with the positive and negative
terminals of the daisy chain during experimentation. The
Arduino programming code was used to measure the resis-
tance in the circuit. During the vibration test, the resistance
of the daisy chain increases as solder balls fail. According
to the IPC standard, the failure criterion is specified as the
daisy chain resistance increased by 20% of its initial value
six times in a row [29]. The initial resistance was found to
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Table 6 Comparison of Experimental and Numerical Analysis results

Fatigue Life of the PCB assem-  Error
bly (minutes) (%)
Methods Numerical Experimental
Analysis
Miner’s rule 36.53 42.83 14.7
Wirsching & Light 38.77 9.48
Method
Ortiz & Chen Method 56.5 31.91

be 0.95 Q. Figure 12 shows the resistance of the daisy chain
circuit (unknown resistance) for the package mounted at the
US8A position (which failed first) that was noted every 10 s
with the help of the Arduino circuit.

A graph was plotted between the time interval in seconds
and the resistance in Q. It is inferred from the plot that the
PCB assembly had failed when its resistance exceeded 1.14
Q (20% increase in initial resistance). The failure of the
PCB assembly is seen from the sudden steep increase in the
circuit’s resistance.

Table 6 compares the PCB assembly’s theoretical and
experimental fatigue life results of the PCB assembly with 7
PBGA packages (with SAC 305 solder).

Since the fatigue life prediction made by the Wirching &
Light method agree well with the experimental results, it is
considered as the most reliable and highly significant result.
The deviation in the results of Ortiz and Chen’s method is
due to the method’s assumptions and simplifications which
may not adequately capture the complexities of random

@ Springer

vibration loading, leading to potentially large errors in the
estimated fatigue life.

3.6 Packaging Location Analysis

3.6.1 Stress Plot of the PCB Assembly with Single PBGA
Packageat Various Locations

Considering the input conditions discussed for the multi-
PBGA-PCB assembly, the random vibration analysis was
performed for the PCB designed with a single PBGA pack-
age at various specified locations. Figure 13 represents the
stress response plot obtained for the PCB assembly with
SAC 305 solder at various locations of the PCB, namely
U2A, U4A, U6A, USA, U10A, UI2A, and U14A positions,
respectively.

The maximum stress obtained in the USA position (cen-
terpackage) was 22.72 MPa in the corner solder joint (Sol-
der ball 133). The maximum stress obtained in the U2A
position was 18.3 MPa in the corner solder joint (Solder
ball 133), whereas the maximum stress induced in its sym-
metric position, U4A, was 18.85 MPa at solder ball 1. Simi-
larly, the maximum stress obtained in the U6A position was
10.59 MPa at solder ball 12, and in its symmetric position,
UI10A was 9.74 MPa at solder ball 144. U12A and Ul4A
positions are symmetric in nature and experience maximum
stress of 19.19 MPa and 18.31 MPa, respectively, at solder
ball 1 of the package.
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Fig. 13 Stress plot obtained for the PCB Assembly in U2A, U4A, U6A, U10A, U12A, U14A & U8A positions

The corner solder joints in every PBGA package experi-
enced maximum stress, whereas the stressinduced toward
the package’s center was minimal. It is inferred from this
analysis that the stress increases in the corner joint of
a package along its length direction and decreases as it
moves towards the package’s core and once again increases
towards the periphery of the package. Furthermore, the fol-
lowing point is inferred from the stress plot obtained for
various locations. The Equivalent stress values obtained
for the PCB assembly at various locations varied similarly,
i.e., the stress values were maximum at the corner solder

joints and minimum at the center of the row and column.
The stress values followed a similar pattern in all packages,
i.e., increasing stress values at the start of the solder row,
then decreasing at the midway and increasing towards the
end. This stress pattern was observed in all 7 locations of the
PCB assembly with a single PBGA package, considering
the bending was dominant under the first mode.
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Fig. 14 Stress response PSD curve for the single PBGA package PCB assembly at USA position

Table 7 Stress response of the PCB assembly (for U8A position)at
natural frequencies

Frequency (Hz) Stress Response (MPa%/Hz)
184.08 123.73

495.73 0.17336

705.06 0.4849

Table 8 The fatigue life of single-package PCB assembly at various
positions

The fatigue life of PCB assembly at various
positions (min)

Package Position Miner’s Rule Wirsching &  Ortiz
Light Method &
Chen’s
method
U2A position 57.02 60.36 96.93
U4A position 54.76 49 124.52
U6A position 124.1 125.7 165.33
US8A position 53.36 55.38 105.81
U10A position 121.02 126.13 164.62
U12A position 60.37 57.83 145.67
U14A position 68.71 72.01 128.17

3.6.2 Fatigue Life Calculation of the PCB Assembly at
Various Locations

The fatigue life for the PCB assemblieswith a single PBGA
package mounted at various locations was calculated using
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Miner’s rule, Wirsching & Light method, and Ortiz & Chen
method.The fatigue life of the PCB assembly subjected
to random vibration loads was calculated using a narrow
bandwidth approach. A sample of the stress response corre-
sponding to the natural frequencies obtained from the stress
response PSD for the PCB assembly with SAC 305 solder is
shown in Fig. 14, and their values are presented in Table 7.
Table 8 lists the fatigue life of the PCB assemblies (with
SAC 305 solder and the PBGA packages mounted at vari-
ous locations) under random vibration loads. The fatigue
life was calculated using Miner’s rule, Wirsching & Light
method, and Ortiz & Chen method. It can be inferred from
the results that the fatigue life tends to be maximum when the
chip is away from the maximum deformation zone. As the
bending was dominant in the fundamental mode, the maxi-
mum deformation occurs at the center of PCB assembly;
thus, the center package (U8A position) tends to experience
maximum stress and has the least fatigue life of 53 min. The
minimum and maximum deviation from the fatigue life of
the center package with that of other positions under Min-
er’s rule was found to be 2.62% & 132.57%, respectively.
Similarly, the minimum and maximum deviation from
the center chip under Wirsching & Light method and Ortiz
& Chen method were found to be 4.42% & 127.75%, and
8.68% & 56.25%, respectively. From the fatigue life values,
it is inferred that U6A and U10A positions have the highest
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fatigue life. If a package on a PCB assembly is placed in
U6A and U10A positions instead of USA, the fatigue life of
the PCB assembly increases by 132.57%. The fatigue life
increases along the length direction of the assembly, and it
can be seen that, as the package moves towards the support
location, it is least affected under random vibration loads.
This analysis concluded that if the PBGA package is placed
in the PCB’s U6A or U10A position, the fatigue life will be
the maximum.

4 Conclusion

Electronic manufacturers produce PCB assemblies with the
PBGA packages surface mounted at the center of the PCB
in the case of single-chip modules. However, modern elec-
tronic devices with multi-tasking capabilities carry multiple
PBGA packages surface mounted on them. When defining
the positioning of the packages, the dynamic characteristics
of the PCB under extreme random vibration environment
conditions are not considered. To investigate the vulnerabil-
ity of the packaging position on the PCB assembly, a PCB
test vehicle with 7 surface mounted chips and several PCB
assemblies with a single chip mounted at seven different
locations were designed according to the JEDEC standard.

To predict the fatigue life of the multi-chip PCB assem-
bly subjected to random vibration loads, firstly, modal anal-
ysis was performed numerically for the PCB assembly with
SAC 305 solder material and the results of the modal analy-
sis were validated with that of modal testing. Secondly, ran-
dom vibration analysis was performed numerically to find
the critical solder considering the stress response PSD from
the analysis. For the PCB assembly with SAC 305 as sol-
der, the maximum stress was identified in the solder ball no.
12 of the assembly (corner solder joint), and the value was
found to be 21.74 MPa. Based on the stress response-PSD
obtained from the random vibration analysis, the fatigue life
was calculated using three methods, namely Miner’s rule,
Wirsching & Light method, and Ortiz & Chen method. The
results from the numerical analysis were validated against
the experiments by continuously monitoring the electrical
resistance in the PCB assembly.

Fatigue life of the PCB assemblies with single PBGA
packages mounted at seven different locations subjected
to random vibration loads was found using the fatigue life
prediction models mentioned above. It is inferred from the
analysis that the USA (center position) is the most vulner-
able position according to its dynamic behavior of it, and
the U6A & UI10A positions of the PCB assembly had the
maximum fatigue life. Hence it is suggested to those manu-
facturers of such PCB assemblies that if the PBGA pack-
ages were placed in those safe positions, the products would

have a longer life when compared with that of the pack-
ages mounted at the center position. This research has also
proven the dependability of the fatigue life of the electronic
packages with respect to its position on the PCB, thereby
ensuring the possibility of improved mechanical reliability
of the electronic system.

Acknowledgment Authors thank PSG College of Technology, Coim-
batore, India for providing the necessary support to carry out the
research works.

Funding The Authors did not receive support from any organization
for the submitted work.

Data Availability Data will be made available on request.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

References

1. Jeong H, Seo K, Bae J et al (2023) Effect of boundary conditions
on fatigue life of board-level BGA solder joints under random
vibration. Microsyst Technol 29:1651-1658. https://doi.org/10.1
007/300542-023-05532-8

2. Doranga S, Zhou J, Poudel R (2022) Influence of Printed Circuit
Board Dynamics on the Fretting wear of Electronic connectors: a
dynamic analysis Approach. J Electron Test 38:493-510. https://
doi.org/10.1007/s10836-022-06022-x

3. Samavatian M, Ilyashenko LK, Surendar A et al (2018) Effects
of System design on Fatigue Life of Solder Joints in BGA pack-
ages under vibration at Random frequencies. J Electron Mater
47:6781-6790. https://doi.org/10.1007/s11664-018-6600-3

4. Yang B, Li D, Yang H (2019) Vibrational fatigue and reliability
of package-on-package stacked chip assembly. Microelectron J
92:104609. https://doi.org/10.1016/j.mejo.2019.104609

5. Karthiheyan SGS, Verma VK, Saravanan S et al (2020) Dynamic
response characteristics and Fatigue Life Prediction of Printed Cir-
cuit Boards for Random Vibration Environments. J Fail Anal Pre-
ven 20:920-929. https://doi.org/10.1007/s11668-020-00895-w

6. SuY, Fu G, Wan B, Yu T, Zhou W, Wang X (2019) Fatigue reli-
ability design for metal dual inline packages under random vibra-
tion based on response surface method. Microelectron Reliab
100:113404. https://doi.org/10.1016/j.microrel.2019.113404

7. Saravanan S, Prabhu S, Muthukumar R, Gowtham Raj S, Arun
Veerabagu S (2018) Fatigue failure of pb-free electronic packages
under random vibration loads. Int J Comput Methods Eng Sci
Mech 19(2):61-68. https://doi.org/10.1080/15502287.2018.1430
074

8. Yusuf Cinar J, Jang G, Jang S, Kim J, Jang Effect of solder pads
on the fatigue life of FBGA memory modules under harmonic
excitation by using a global-local modeling technique. Micro-
electron Reliab, 53, Issue 12, 2013, Pages: 20432051, ISSN
0026-2714, https://doi.org/10.1016/j.microrel.2013.06.018

9. Doranga S, Xie D, Lee J, Zhang A, Shi X, Khaldarov V, March
(2023) 7, A Time Frequency Domain Based Approach for Ball
Grid Array Solder Joint Fatigue Analysis Using Global Local

@ Springer


https://doi.org/10.1007/s00542-023-05532-8
https://doi.org/10.1007/s00542-023-05532-8
https://doi.org/10.1007/s10836-022-06022-x
https://doi.org/10.1007/s10836-022-06022-x
https://doi.org/10.1007/s11664-018-6600-3
https://doi.org/10.1016/j.mejo.2019.104609
https://doi.org/10.1007/s11668-020-00895-w
https://doi.org/10.1016/j.microrel.2019.113404
https://doi.org/10.1080/15502287.2018.1430074
https://doi.org/10.1080/15502287.2018.1430074
https://doi.org/10.1016/j.microrel.2013.06.018

776

Journal of Electronic Testing (2024) 40:761-776

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Modeling Technique. ASME. J. Electron. Packag. September
2023; 145(3): 031007. https://doi.org/10.1115/1.4056886

Yu D, Al-Yafawi A, Nguyen TT, Park S, Soonwan Chung (2011)
High-cycle fatigue life prediction for Pb-free BGA under random
vibration loading. Microelectron Reliab 51(3):649-656. https://d
oi.org/10.1016/j.microrel.2010.10.003

Chen YS, Wang CS, Yang YJ (2008) Combining vibration test
with finite element analysis for the fatigue life estimation of
PBGA components. Microelectron Reliab 48(4):638—644. https
://doi.org/10.1016/j.microrel.2007.11.006

XialJ, Yang L, Liu Q, Peng Q, Cheng L, Li G (2019) Comparison
of fatigue life prediction methods for solder joints under random
vibration loading. Microelectron Reliab 95:58—64. https://doi.org
/10.1016/j.microrel.2019.02.008

Yang P, Qin X (2009) A hybrid optimization approach for chip
placement of multi-chip module packaging. Microelectronics
journal 40. 81235-1243. https://doi.org/10.1016/j.mejo.2009.05
.002

Rao SS (1995) Mechanical vibrations laboratory manual. Edition
Addison-Wesley Publishing Company, New York

Steinberg DS Vibration Analysis for Electronic Equipment,
John Wiley & Sons, United States of America, 2000. ISBN:
978-0-471-37685-9

Steinberg DS Preventing Thermal Cycling and Vibration
Failures in Electronic Equipment, 2001. J. Wiley. ISBN:
978-0-471-35729-2

Gao L, Xue S, Zhang L, Sheng Z, Ji F, Dai W (2010) Effect of
alloying elements on properties and microstructures of SnAgCu
solders. Microelectronic Engineering 87. 112025-2034. https://d
oi.org/10.1016/j.mee.2010.04.007. Guang Zeng

Chen H, Wang L, Han J, Li M, Liu H (2012) Microstructure, ori-
entation and damage evolution in SnPb, SnAgCu, and mixed sol-
der interconnects under thermomechanical stress. Microelectron
Eng 96:82-91. https://doi.org/10.1016/j.mee.2012.03.005
Jianbiao P, Jyhwen W, David, Shaddock M (2005) Lead-free Sol-
der Joint Reliability — State of the Art and Perspectives, Inter-
national Microelectronics and Packaging Society, 2, 1, 72-83.
https://doi.org/10.4071/1551-4897-2.1.72

Clech J, P M, Richard, Coyle J, Babak Arfaei. Pb-Free Solder
Joint Thermo-Mechanical modeling; state of the Art and chal-
lenges. J Minerals Met Mater Soc, 71,1,2019, 143—157. https://d
0i.org/10.1007/s11837-018-3003-0

JEDEC Standard JESD22-B111 (2003) Board Level Drop Test
Method of Components for Handheld Electronic products.
JEDEC Solid State Technology Assoc

Depiver JA, Mallik S, Amalu EH (2021) Effective solder for
Improved Thermo-Mechanical reliability of solder joints in a
Ball Grid array (BGA) soldered on Printed Circuit Board (PCB).
J Electron Mater 50:263-282. https://doi.org/10.1007/s11664-02
0-08525-9

Nigam N, Narayanan S (1994) Applications of random vibra-
tions. Springer-Verlag - Narosa; ISBN 13: 9783540198611

Li RS (2001) A methodology for fatigue prediction of electronic
components under random vibration load. J Electron Packag
123(4):394-400. https://doi.org/10.1115/1.1372318

Abdullah A-Y, Da Y, Seungbae P, James P (2009) Soonwan
Chung. Reliability Assessment of Electronic Components under
Random Vibration Loading. Proceedings of Electronic Compo-
nents and Technology Conference, 431-436. https://doi.org/10.1
109/ECTC.2009.5074049

Sakri M, Mohanram I, Saravanan PV, Syath S, Abuthakeer S
(2009) Estimation of fatigue-life of electronic packages subjected
to Random Vibration loads. Def Sci J 59(1):58—62

@ Springer

27. Cong S, Zhang WW, Liu P, Han YN, Tian YH (2022) Process
optimization for enhancing interconnect performance of large-
size BGA component during vibration loading. Microelectron J
121:105383. https://doi.org/10.1016/j.mejo.2022.105383

28. Che F, John Phang X (2015) Study on reliability of PQFP assem-
bly with lead-free solder joints under random vibration test.
Microelectron Reliab 55:2769-2776. https://doi.org/10.1016/j.mi
crorel.2015.09.010

29. Test Standards IPC, IPC-9701 (2002) Performance test methods
and qualification requirements for surface mount solder attach-
ments. IPC-association connecting electronics industries, p 13

30. Jwo Y-LL, Pan R, Hathway MB (2005) Fatigue testing and analy-
sis. Elsevier Butterworth-Heinemann, Burlington, USA, pp 369—
402. https://doi.org/10.1016/B978-0-7506-7719-6.X5000-3

31. CinarY, Jang G (2014) Fatigue life estimation of FBGA memory
device under vibration. ] Mech Sci Technol 28:107—-114. https://d
0i.org/10.1007/s12206-013-0946-5

32. Wirsching PH, Light MC (1980) Fatigue under wide band ran-
dom stresses. J Struct Div 106(7):1593-1607

33. Ortiz K, Chen NK Fatigue damage prediction for stationary wide-
band stresses. In Reliability and Risk Analysis in Civil Engi-
neering, Proceedings of the 5th International Conference on the
Applications of Statistics and Probability in Soil and Structural
Engineering (ICASPS5), Vancouver, Canada, 25-29 May 1987,
Institute for Risk Research, University of Waterloo: Waterloo,
ON, Canada, 1987

34. Larsen CE, Lutes LD (1991) Predicting the fatigue life of off-
shore structures by the single-moment spectral method. Stoch
Struct Dyn 2:91-120

35. Shunfeng C, Chien-Ming H, Michael (2016) Pecht. A review of
lead-free solders for electronics applications. Microelectron Reliab
52:290-302. https://doi.org/10.1016/j.microrel.2017.06.016

36. Yu S, Dai J, Li J (2024) Research on the Reliability of Intercon-
nected Solder Joints of Copper Pillars under Random Vibration. J
Electron Test 40:107—116. https://doi.org/10.1007/s10836-024-0
6101-1

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

N. Muthuram is working as an Assistant Professor in the Depart-
ment of Production Engineering at PSG College of Technology, Coim-
batore, India. He is currently pursuing his Ph.D. His research interests
are Accelerated Life Testing, Random Vibration Analysis and Finite
Element Analysis.

S. Saravanan is a Professor in the Department of Production Engi-
neering at PSG College of Technology, Coimbatore, India. He pursued
his Ph.D in the area of Fatigue Life Prediction. His research inter-
ests are Fatigue Life Study, Random Vibration Analysis and Metal
Forming.


https://doi.org/10.1016/j.mejo.2022.105383
https://doi.org/10.1016/j.microrel.2015.09.010
https://doi.org/10.1016/j.microrel.2015.09.010
https://doi.org/10.1016/B978-0-7506-7719-6.X5000-3
https://doi.org/10.1007/s12206-013-0946-5
https://doi.org/10.1007/s12206-013-0946-5
https://doi.org/10.1016/j.microrel.2017.06.016
https://doi.org/10.1007/s10836-024-06101-1
https://doi.org/10.1007/s10836-024-06101-1
https://doi.org/10.1115/1.4056886
https://doi.org/10.1016/j.microrel.2010.10.003
https://doi.org/10.1016/j.microrel.2010.10.003
https://doi.org/10.1016/j.microrel.2007.11.006
https://doi.org/10.1016/j.microrel.2007.11.006
https://doi.org/10.1016/j.microrel.2019.02.008
https://doi.org/10.1016/j.microrel.2019.02.008
https://doi.org/10.1016/j.mejo.2009.05.002
https://doi.org/10.1016/j.mejo.2009.05.002
https://doi.org/10.1016/j.mee.2010.04.007
https://doi.org/10.1016/j.mee.2010.04.007
https://doi.org/10.1016/j.mee.2012.03.005
https://doi.org/10.4071/1551-4897-2.1.72
https://doi.org/10.1007/s11837-018-3003-0
https://doi.org/10.1007/s11837-018-3003-0
https://doi.org/10.1007/s11664-020-08525-9
https://doi.org/10.1007/s11664-020-08525-9
https://doi.org/10.1115/1.1372318
https://doi.org/10.1109/ECTC.2009.5074049
https://doi.org/10.1109/ECTC.2009.5074049

	﻿Fatigue Life Based Study of Electronic Package Mounting Locations on Printed Circuit Boards Subjected to Random Vibration Loads
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Methodology
	﻿2.1﻿ ﻿Design of PCB Assembly
	﻿2.2﻿ ﻿Modal Analysis
	﻿2.3﻿ ﻿Random Vibration Analysis
	﻿2.4﻿ ﻿Experimentation
	﻿2.5﻿ ﻿Fatigue Life Prediction
	﻿2.5.1﻿ ﻿Miner’s rule
	﻿2.5.2﻿ ﻿Wirsching & Light Method
	﻿2.5.3﻿ ﻿Ortiz and Chen Method


	﻿2.6﻿ ﻿Study on Packaging Location on PCB
	﻿2.6.1﻿ ﻿Design of PCB Assemblies with Single PBGA Packages

	﻿3﻿ ﻿Results and Discussions
	﻿3.1﻿ ﻿Modal Analysis of the PCB Assembly with 7 PBGA Packages
	﻿3.2﻿ ﻿Experimental Validation
	﻿3.3﻿ ﻿Random Vibration Analysis of the PCB Assembly with 7 PBGA Packages
	﻿3.4﻿ ﻿Fatigue Life Calculation
	﻿3.4.1﻿ ﻿Fatigue Life Calculation for the PCB Assembly with 7 PBGA Packages


	﻿3.5﻿ ﻿Experimental Validation
	﻿3.6﻿ ﻿Packaging Location Analysis
	﻿3.6.1﻿ ﻿Stress Plot of the PCB Assembly with Single PBGA Packageat Various Locations
	﻿3.6.2﻿ ﻿Fatigue Life Calculation of the PCB Assembly at Various Locations

	﻿4﻿ ﻿Conclusion
	﻿References


