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Abstract 0

L/

Structural components such as printed circuit boards (PCBs) are critical in the thébmechanical reliability
assessment of electronic packages. Previous studies have shown that geometric meters such as thickness
and mechanical properties like elastic modulus of PCBs have direct influenc e reliability of electronic
packages. Elastic material properties of PCBs are commonly characterizeQ equipment such as tensile
testers and used in computational studies. However, in certain applicati yscoelastic material properties
are important. Viscoelastic influence on materials is evident w, e exceeds the glass transition
temperature of materials. Operating conditions or manufacturing con ns such as lamination and soldering
may expose components to temperatures that exceed the gla ansition temperatures. Knowing the
viscoelastic behavior of the different components of electroig kages is important in order to perform
accurate reliability assessment and design components such ted circuit boards (PCBs) that will remain
dimensionally stable after the manufacturing process. vious researchers have used creep and stress
relaxation test data to obtain the Prony series terms t}@resent the viscoelastic behavior and perform
analysis. Others have used dynamic mechanical analy’ rder to obtain frequency domain master curves
that were converted to time domain before obtainin Prony series terms. In this paper, nonlinear solvers
were used on frequency domain master curve r from dynamic mechanical analysis to obtain Prony
series terms and perform finite element anal n the impact of adding viscoelastic properties when
performing reliability assessment. The co ional study results were used to perform comparative
assessment to understand the impact of inglgng viscoelastic behavior in reliability analysis under thermal
cycling and drop testing for Wafer Lev Scale Packages.

Keywords: storage modulus, loss mo s, shift functions, glass transition temperature, Prony series
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[. INTRODUCTION

Ensuring the reliability of products is one of the main targets in the design of electronic systems. Reliability
is defined as “the statistical probability that a device or system will operate without failure for a specified
period” [1]. Reliability of electronic systems is impacted by various environmental loadg including thermal
and mechanical loads. From earlier studies conducted by US navy, the failure rate of elbnic equipment
was observed to have increased by eight-fold when deliberately exposed to temperatur ing of more than

20 °C [2]. Increasing the operating temperature also have a negative impact on reliefgy. According to Yeh
et. al., a 2°C increase in operating temperature reduces the reliability of silicon ¢ y 10 % [1]. For these
reasons, there is a focus on performing extensive reliability studies befor ipment are shipped to

customers. :
i m

The reliability of products is often described with the use of “bathtub” dl% . High infant mortalities are
observed due to bad product quality. Burn-in and run-in tests are often e@y d to catch early failures before
products are shipped out. Failure rates due to wear out are reduced th@ improved designs, and guidelines
such as IPC-D-279 (Design guidelines for Reliable Surface Mougg Technology Printed Board Assemblies)
are established to help designers [3]. Depending on the applicatj ectronic components will be exposed
to mechanical shock, mechanical vibration, temperature ¢ , or high humidity environments. The
reliability of electronic assembly is determined by use con®gons, the design life, and acceptable failure
probability rates [3]. For example, a failure risk of < 0.1 May be acceptable for computers, but a failure
risk of <0.001% 1s needed for commercial aircraft appli ns [4].

Thermal cycling and drop testing are two of the ﬁcommon environmental loading conditions used to
assess reliability of electronic equipment such as hones. Consumer products such as cell phones and
cameras are susceptible to be dropped due to tl&e and weight [5]. The input acceleration from dropping
results in mechanical failure on components s s housing and electrical failures due to cracking of printed
circuit boards (PCBs) and solder interconne@s [5]. On the other hand, the temperature swing experienced
by various electronic products may r om 60 °C for consumer products, to more than 140 °C for
electronics in automotive used und hood of cars [4]. The temperature swings combined with the
mismatch of CTE of the different wgatertals used for packaging, subject critical components such as solder
joints to stress and strain, eventuall ding to failure [6].

In addition to providing elec connections, solder joints are usually the sole mechanical attachment of
electronic components to P. [3]. As such, one of the major reliability concerns in microelectronic
packaging is the integrity der interconnections [7]. Solders are inhomogeneous structures, and their

grain structure is inhere unstable. Micro-voids start forming at the grain boundary ~25 % of the fatigue
life, eventually coale@ to macro-cracks and leading to total fractures causing electrical failures [3].
Experimental testsvlumerical techniques are used to study the thermo-mechanical reliability of solders
and other componen®.

Experimental tests are often expensive and time consuming. To save cost, advanced finite element analysis
is often performed during the design and development phases to ensure reliability of products [7]. Finite
element analysis is also performed to predict field use limits and analyze field failures [6]. Using numerical
techniques requires the use of life prediction methodologies that are based on the different damage
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mechanisms observed in the field [7]. Numerous solder joint fatigue life prediction models such as Yamada
[8], Engelmaier [9], Syed [10], Darveaux [11], can be found in the literature [7]. These different approaches
can be grouped into four main categories: strain-based approach, energy-based approach, fracture mechanics-
based approach, and evolution-based approach [12]. Darveaux’s energy-based fatigue life prediction model
has been widely used in the literature to predict the life of Pb-Sn solders [6]. Widely used fatigue life
prediction model for lead free solders was proposed by Schubert et. al. and is used in this paper [13].

conditions, employing the correct numerical models, and obtaining accurate materia perties for the
components are some of the key challenges in obtaining accurate numerical results.@mponents such as
solder are extremely inhomogeneous, and accurately capturing their material pro 1s challenging. The
Anand viscoplastic constitutive model, originally proposed to study hot working o
used to model solders for computational studies [16]. The Anand model uses st
and evolution equation, and unifies the creep and rate-independent plastic beh
material constants used to define the constitutive equations are experim
computational studies [17]. Stress-Strain or Creep data measurements QQ
determine the Anand constants [16]. In this paper, Anand constants fi

and used for computational studies. G

Different factors affect the accuracy of numerical studies. Capturing the correct Eoundary and load

quation, flow equation,
s of solder [16]. The nine
characterized and used in
een used in the literature to
solders were obtained from [18]

For structural simulations, most of the components in the ¢ &nic packages are modeled as elastic
materials. For materials that go close to glass transition temp (Ty), viscoelastic material properties are
often used to accurately capture the material behavior. ViscOWgstic materials are materials that exhibit both
viscous and elastic behaviors. The Maxwell model, iniﬂy proposed in 1867, captures the elastic and
viscous properties using Newtonian damper and Hookj ring [19]. However, the simple Maxwell model
consisting of a single spring and damper in series g}a limitation in modelling creep phenomenon. A
generalized Maxwell model with multiple Maxweq ches in parallel as shown in Fig. 1 overcomes the
limitations and is used to model viscoelastic m als. For the generalized model, time dependent shear
moduli are represented using Prony series as s@n equations 1 below [19]. Taking the Laplace transform
of equation 1 gives the complex shear mod s shown in equation 2. The real part of the complex shear
modulus is called storage shear modulus @he complex part is called loss shear modulus [20]. Storage
and loss modulus in terms of Prony ser s are shown in equations 3 - 4 [21]. The relative moduli (a{)
and relaxation time (tf) terms can b tered to computational software such as ANSYS to capture the
viscoelastic behavior of materials fj mputational studies.

@
Q l
v TR

(&)
(&) [
Q HJ J

Fig. 1. General Maxwell model used to represent viscoelastic materials.
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Dynamical mechanical analyzer (DMA) is a technique that applies oscil train or stress and uses the
result to measure the kinetic properties of samples [22]. The major com of DMA are shown in Fig. 2
below. Output of DMA consists of temperature dependent loss and @ge moduli of materials at different
frequencies. The relations between loss modulus, storage modylu d complex modulus are given by
equations 5 - 7 below. Using the “time-temperature superposmo k DMA results are expanded to a wider
frequency range and a master curve is obtained. The detail o é procedures is discussed in the materials

and methods section.
E* = E' 4+ iE" L

. Q ®)
|E*| =VE* + Eo&\ (6)
g

Tan 6 ;E_QQ (7)
‘b

Detector (LVb <I
QQ’robe Thermocouple
OO

Force generator

Furnace

Sample

Fig. 2. Major components of DMA [22].
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Shrotriya et. al. used creep data from DMA to develop a micromechanical model that can be used to
understand the time-temperature dependent behavior of PCB substrates and understand residual stresses and
dimensional changes in the PCBs during processing such as re-lamination and soldering processes [23]. On
the other hand, Liu et. al. investigated the viscoelastic influence of PCBs evaluated under drop impact [24].
They showed that the viscoelasticity of PCBs has a distinct influence on the dynamic properties of PCBs
under board-level impact, and proposed using PCB substrate with larger viscoelasticity and reduced size in
order to improve drop impact reliability [24].

While running FEA simulations for reliability study of electronic packages, PCBs ar resented using
three different approaches: lumped board modeling approach, explicit geometry app , and electronic
computer aided design (ECAD) approach [25]. Lumped board approach represeg s as blocks with

\tlon of PCBs, while
ECAD approach give
only used as the other

effective mechanical properties. Explicit approach uses a layer-by-layer repre
ECAD approach uses the exact design files used to make PCBs. Explicit geomet
a more accurate representation of PCBs; however, lumped approach is
approaches require very large mesh sizes and long solution times [25]. In lump approach, PCBs are
characterized using only their orthotropic elastic material properties. HogeYer] for computational studies
that involve drop impact, or for conditions where temperatures go neq M beyond the glass transition
temperature (Tg), it is important to include the viscoelastic behavior putational studies. In this paper,
the frequency domain master curve obtained from dynamic mechani nalysis is used to obtain the Prony
series terms which are used to model PCBs as viscoelastic material&sing the Static and Transient structural
packages in ANSYS 2019 RI1, the impact of including Vi;@tic property of PCBs for board level

reliability assessment of Wafer Level Packages (WLPs)qg died. WLP is an advanced packaging
technology where packages are fabricated and tested at t er level before singulation [26]. WLPs are
used for applications such as analog devices, power m ment devices, image sensors, and integrated
passives [26]. In this paper, the reliability of WLPse} essed under two different loading conditions:
thermal cycling and drop impact. The details of the p ure for obtaining the Prony series terms are given
in section 2; the computational model is discussed i@ction 3; results, discussion and conclusions are given
in the subsequent sections. 0

II. MA@IALS AND METHODS

Dynamic Mechanical Analyzer (D @s used to measure the frequency and temperature dependent
storage (E’) and loss (E’”) moduli of %\ick FR-4 based PCBs used for WLP. Measurements were run at
frequencies of 0.5, 1, 5, 10, 20, ®Q0 Hz. Fig. 3 below shows the equipment and sample attached for
measurement using the dual canti ending attachment, and cross section image of the PCB sample. Due
to the thickness and the expect& dulus of the sample, the tensile attachment of DMA was found to not be
suitable for measurement. TQ metric dimensions of the sample along with the test parameters used for

DMA are given on Table . 4 shows a DMA result for the temperature and frequency dependent
measurement of loss an. ge modulus values.

&
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Fig. 3. DMA7100 used for testing (left), samples attached using DM
section of PCB sample (right).

GEOMETRIC DIMENSIONS OF SAMPLES AND TESMRAMETERS USED FOR DMA

TABEL I

00

ing mode (center), cross

TESTING Q)
Parameters E Value
Maximum ForcAe Q\ 2000 mN
Temperature R ¢ 3 °C/min
Sample Thi S 1.01 mm
Sampl gth 20 mm
Sa 1dth 5.75 mm
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Fig. 4. DMA result showing temperature dependent storage modggus (black), loss modulus (red), and loss
tangent (blue). Different lines correspond t rent frequencies.

After the DMA analysis, the built-in tool for DMA (T?) was used to generate the master curve
showing the loss and storage moduli for a wider range of fggquency values. An important input parameter in
obtaining the master curve using shift functions is the %l nsition temperature (Tg). Dynamic mechanical
analysis is one of the widely used techniques to me [ [27]. Results for storage modulus (E’), loss
modulus (E’’), or Tan § from DMA measurement be used to define the glass transition temperature.
For results obtained for 1 Hz, the temperature val the onset of E’, peak of E*’, or peak of Tan § can be
considered the glass transition temperature [2 he onset of E’ is the most conservative of the three
approaches and often relates to mechanical e [27]. In this paper, the onset of E* at 1 Hz is used to
measure the T, at 126.5 °C.

The master curve obtained from Dgeasurements is one of the available techniques for studying the
frequency dependence of viscoelastic erties of materials [28]. The master curve is obtained by using the
“time-temperature superposition” t xists in dynamic viscoelastic measurements. Initial measurements are
performed at 6 frequencies a 1de temperature range. However, by using the “time-temperature
superposition”, the Viscoelasti&rties are predicted for wider frequency ranges for a given temperature
value [28]. This “time-tem re superposition” is achieved using the expanded William-Landel-Ferry
(WLF) equation which is y equation 8 below [28]. The corresponding master curve obtained showed
loss and storage modulufgda function of frequency and is shown in Fig. 5 below. The WLF equation is best
used to obtain the ma@curve for temperatures equal or greater than the glass transition temperature (Tg)
[28]. For temperan?lues lower than Tg, Arrehenius equation (given in equation 9) is preferred to describe
the shift factor-tempature relationship and obtain master curves [29].

_ G(T-Ty) | Ci(Ty=Ty)

log ar = CoAT-Ty  CotTyp—Tg (®)
—Ea(1_ 1
Inar = R (T To) ©)
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Fig. 5. Master curve showing storage modulus (black), lo ulus (red), and Tan § (blue) as a function

of frequen&

Computational software such as ANSYS require@ to input Prony series coefficients to capture
viscoelastic properties in simulations. The master cu own in Fig. 5 is not in the form that can be included
in simulations, and additional post processing is redgtd to obtain the Prony series terms.

Obtaining the Prony series terms from master§ s have been the focus of previous research, and different
authors have used different approaches to the time domain master curves and extract Prony series
terms. Lakes [30] defined the interrelation, etween the moduli as:

2 Ly v dE'(w) _ __dE(t)
n'E QUNQN dlnw dint (10)

With 7 = 1/¢, equation 10 implibat:
E' 1= E(t) (11)

w=;

Previous studies on the gt of viscoelastic influence on PCBs [31] [32] [33] have made use of the
relation given in equatiof lgf to shift the master curve to the time domain and extract the Prony series terms
by performing nonlin€ag curve fitting. Other empirical equations, such as equation 12, have also been
proposed to shift t uency domain master curve to time domain [34].

E(t) = E'(w) + 0.0004E’(0.02w) — 0.25E' (5w) + 0.35E'(0.2w)  (12)

In this paper, the Prony series terms are obtained by performing nonlinear fit to the master curve in
frequency domain using equations 3 and 4. Nonlinear parametric fitting tool on OriginPro was used to
perform the curve fitting. “Wicket plot” was produced to determine the suitability of the measured data for
the creation of master curve as shown in Fig. 6.
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Fig. 6. Wicket Plot showing the relation between &ex modulus and Tan 6.

From the curve fitting, g¢ and 7{ were obtained. These t
the relative moduli terms were obtained using the relatio
comparing the computed and measured complex moQ values. Comparison between computed and
measured complex modulus values for 160 °C are sheWg
and fit values <1%. A representative data for com

in Table II.

0.10

/
/
/

2.5E+9 5.0E+9 7.5E+9 1.0E+10 1.3E+1§i0E+10 1.8E+10

Complex Modulus (

ere used in equation 1 to obtain G,. Then
&= gf/G,. The fit parameters were tested by

Fig. 7. Average difference between measured
Prony series terms for 155 °C and 165 °C are given
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¥Computed vs measured storage and complex modulus for 165 °C.
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TABLE 11
PRONY SERIES TERMS FOR 155 °C AND 165 °C

A. Thermal Cycling

1. CO

x 2.8 mm with pitch is 0.4 mm and t

of the models, quarter symmetry
the critical component, solder ball

mesh model and boundary co
property of the different com

OZ
(&)
gl

O

@ATIONAL STUDY

<

For the computational model, the PC \@
%9

o
s\@

155 °C 165 °C
II az’G Tz'G alz's Tz'G

Inf | 2.73B-01 | N/A | 2.73B-01| N/A

I [ 3.92E-02 | 4.03E-10 | 3.92E-02 | 2.49E-11

2 [2.77E-02 | 1.97E-08 | 0.03 | 1.22E-09
3 | 3.48E-02 | 1.92B-06 | 3.48E-02 | 1.20E-07

4 | 6.40E-02 | 4.80E-05 | 2.72E-02 1.203&
5 | 1.05E-01 | 6.13B-04 | 6.40E-02 | 2.9

6 | 1.35E-01 | 5.40E-03 | 1.05E-01 E-05

7 | 1.356-01 | 3.77B-02 | 1.35E-01%g .34E-04

8 | 1.01E-01 | 2.61E-01 | 1.3 233E-03

9 [580E-02| 228 | V1| 161E-02
10 | 2.72E-02 | 43.79 @E-OZ 1.41E-01

xtended to avoid edge effects. The chip used has a size of 2.8
solder balls arranged in 7 x 7 array. Leveraging the symmetry
re used [35]. Hex dominant and body sizing was used to mesh

e schematic of the WCSP model is given in Fig. 8 below. Detailed
s used for the computational study are shown in Fig. 9. The material

ts used the computational study is given in Table III.

11
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TABLE III
MECHANICAL PROPERTIES OF THE DIFFERENT COMPONENTS USED IN THE
COMPUTATIONAL STUDY /7] [36] [26] [37]

E (GPa) CTE (ppm/°C) v
Cu 110 17 0.34
Die Attach 10 33 0.3
Mold 24 20 0.3
X, Y 13.2; z}
PCB 17 750 0.
— .
Polyimide 12 59 J
Layer
RDL 130 16.8 0.34
Die 131 3 0.28
55.3 @ -40 °C,
42 @ 25 °C, Q
Solder 3@ 75 °C, 20 o 0.4
23 @ 125 °C
UBM 0.35
Solder
Mask 0.4
VALUES FOR THE ANAND CONSTANTS USE ODEL SOLDERS. PROPERTIES FOR SAC
S.
No
1
2 m
3 sec-1 1.57E+07
4 Dimensionless 1.06
Sb m Dimensionless  0.3686
hO MPa 1077
S MPa 3.15
QS n Dimensionless  0.0352
Q 9 a Dimensionless 1.6832

Regardless of inig ess-free temperature, structure will readjust and reach a ‘near-stress-free’ at high-
dwell temperature ®ter few cycles. Stabilized values of strain or strain energy density per cycle are
independent of the initial stress-free setting [26]. For the current study, the high-dwell temperature was
selected as the zero thermal strain temperature. Condition G and H of JEDEC standard JESD22-A014D were
used [38]. The corresponding temperature profiles are shown in Fig. 10. Fatigue cracks of solders occur at
the package side near the interface of solder bulk/copper or UBM layer [26]. The damage parameters are
extracted from 10 um layer of corner solder joint at the package side [26]. The inelastic energy density

220z 8unr | uo Lepueyg uigey ‘uolbuly 1y sexal o Aisiaaiun Aq jpd ol L L-12-d9/269.889/¥8.1¥S0 " L/SL | L 0L/10p/pd-ajoie/BuiBesoedoiucioele/Bio awsE Uoos||0o[e)Bipawse/:d)y WO} PapEojUMOQ



accumulated per cycle is averaged over the volume of the thin disk (equation 13), and the resulting damage
metrics is used to predict the number of cycles to failure [26] [39] [40].
LiWiv;
A Wgpe = W (13)
The change in inelastic energy density after the third cycle was determined to be constant. This value was
used because of computational costs and the solder joints have reached stability after third cycle [41]. An

APDL code from [7] was used to compute the change in inelastic energy density. The gaodel proposed by
Schubert et. al. as shown in equation 14 below was used to find Ny [13]. 8

AW

Ny = (i)k (14) 0'\\?

The values of A and k were given as follows; A = 8.783 x 10° MPa, k = 0.47@ .

180 . I - I : I : I A l
160 - . | Q T
1 : . | |
140 ) ! | o S

Temperature (°C

T T T T T T T T
0 1000 000 4000 5000 6000 7000 8000 9000 10000

b Time (sec)
Fig. 10. Temperature cycli files used for the study: condition G (solid line) and H (dotted line) of

EC standard JESD22-A014D are shown.

B. Drop Testing OQ

WLP technology e s smaller, thinner, and faster electronic products, and has been widely used in
portable electronicéﬁs. To understand the reliability of products under mechanical shock from customer
usage or transportati®n, Joint Electron Device Engineering Council (JEDEC) has developed board designs
and test standards that are used in assessing the reliability of handheld electronic products [42]. Due to the
symmetry of the JEDEC board, quarter symmetry of it is used as shown in Fig. 11 [5].
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. 0.02{m) Q
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Fig. 11. Quarter symmetry of the JEDEC board used for t@putational study.

For computational analysis of drop testing, different modeling tec@es have been developed. Dynamic
vs. static analysis type, free-fall vs. input-G loads, explicit vs. in‘%()l‘ solvers, are some of the approaches
that can be used for performing drop testing analysis [42]. put-G method, components used in
experimental testing (such as drop table, fixture, etc.) are not ed in the simulation and their impact is
captured by applying an impact impulse to the mounting ho 2]. Simulation results using explicit Input-
G method have been shown to correlate well with experwtal results [43]. On the other hand, Input-D
method applies displacement at the loading points. So}u: for input-D and Input-G methods include rigid
body movement. An alternative method, direct acc ! input (DAI) method removes the rigid body
movement and is commonly used to perform drop é analysis. In the DAI method, acceleration impulse
is applied as body force and the mounting hole ixed during the dynamic response [42]. Equation 15
below shows the impulse conditions applied t model.

B QM}lSOOg * sin:—t , wheret < tw}
0, wheret > t,,

{M}[u] +{C}[] + {K}[u] (15)

tw=0.5 nitial Conditions are [x]|0 = 0, [X]|=0 = +/2gh
QBoundary Conditions are [X]|at hote = 0

{M} is the mass matrix, Qs the damping coefficient, {K} is the stiffness coefficient matrix. [u] is
displacement vector, [] is@ locity vector, and [it]is acceleration vector.

The JEDEC board &nultiple components and hundreds of solder balls is a very big model and
computationally exenSwe for FEA analysis. Sub-model technique needs to be applied to be obtain fast
solutions while sti taining accurate results. In the global model, the solder balls are simplified and
represented as cubical blocks. For the sub-model, detailed structure components are added and simulated.
The sub-model technique in ANSYS uses the solution of the global model and the cut boundary conditions
for the local model. In this paper, the global model is used to make a comparative study in order to assess the
impact of including viscoelastic properties on PCB under drop testing loading conditions.
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IV. RESULTS

A. Thermal Cycling Results

The results for the computational study with the thermal cycling boundary conditions are given below.
Table V shows the average inelastic energy density for the different cases investigated. Fig. 12 shows the
comparison for the number of cycles to failure computed using equation 14 above.

TABLE V
AVERAGE PLASTIC WORK (PA) FOR THE DIFFERENT THERMAL CYCLIN NDITIONS
Average Plastic Work for Cycle (Pa) 0\\
Temperature Profile Elastic Viscoelasticb
-40°C to 125°C 119270 1188800
-40°C to 165°C 137490 136

I . Q
Elastic ~ 5000

E o [ ] Viscoelastic

\ - 4800

0\Q F

é} L 4600

Qo L 4400

@ L 4200

. : 4000
0°C to 125°C -40°C to 165°C

Q’Q Temperature Profile (°C)

Fig. 12. Plot compaé*le number of cycles to failure between the two cases where PCB were modeled

elastic and viscoelastic.

No. of cycles
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A: Model, Static Structural
Equivalent Stress_corner_solder
Type: Equivalent (won-Mises) Stress
Urit: Pa

hfaxirmum Ower Time
I2TI20204:23 P

3.0794e7 Max
2,7808e7
248237
218387
1.8852e7
1.5867e7
1.2882e7

o>
2
9,896426 b\

3.9257e6 Min a@
Q 0.0001 0.0002 {rr)
Se-05 0.00015

Fig. 13. Equivalent stress on corner solder for the elastic case for the@gycling for -40 °C to 165 °C.

B. Drop Testing Results o\

The results for the computational study with the drop testi ndary condition are given below. Fig. 14
shows the deformation of the quarter model for drop fgsting at 135°C where the PCB is modeled as
viscoelastic material. Fig. 15 - Fig. 17 show the compgmg®h between the two cases where the PCB was
modeled as elastic and viscoelastic. ’\

&

#: Model, Transient 0
Total Deformation o
Type: Total Deformation

Unit: mim

Tirme: 1.8456e-002 0
372020319 P

. 0.97753 Max
087973

— 078203

— 0.68427
— 0.59652

. 042877
0391
— 0.29328

0.19551 O
I 0.007753 O
0 Min

Fig. 14. Total deformation of the quarter symmetry model.
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. , | | | . ]
20E-3 L ‘§ — 125°C, Elastic |
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Qo 0.01 0.02
OO Time (s)

Fig. 15. Comparison of average total deformation between models that represented the PCB elastic and
viscoelastic. Results shown for different temperatures.
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Fig. 16. Comparison of average total acceleration between models that represent the PCB as elastic and
viscoelastic. Results shown for different temperatures.
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Fig. 17. Comparison of strain between models that represent the PCB elastic and viscoelastic. Results
shown for different temperatures.
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V. DISCUSSION and CONCLUSION

Previous studies that investigated the impact of viscoelastic influence of PCBs used different approaches to
characterize the viscoelastic properties. Shrotriya et. al. [23] used creep data from DMA to develop a
micromechanical model, while others [31] used time domain master curves to develop viscoelastic models.
Rather than adding extra step to convert the frequency domain master curve to time domain, this paper
characterizes the viscoelastic properties in term of Prony series terms directly from the frequency domain
master cure. To determine the suitability of the PCB material for the time-temperature apalysis using WLF
method, ‘wicket plot” was produced as shown in Fig. 6. The almost symmetrical cuw%!he wicket plot
established the suitability of the DMA measurement of PCB for the WLF analysis and oduce the master
curve in the frequency domain. Fig. 4 shows temperature dependent storage and loss&lus measurements
for six different frequencies. Using the WLF shift function, the frequency domain \r curve shown in Fig.
5 was obtained. The corresponding Prony series terms were obtained from non-js fit (shown in Table II)
and included in the subsequent finite element analysis. Fig. 7 shows a compari etween the computed and
experimentally measured frequency dependent storage, and complex s values. The difference
between the computed and experimentally measured values was found t average less than 1%.

The thermal cycling results on the WLP package are shown in sedfiong4.1. Condition G and H of JEDEC
JESD22-A014D standard were used to apply the thermal boundary,conditions. Simulation was run for three
cycles, and the difference in average inelastic energy density éeen the third and second cycles was
computed and tabulated in Table V. Equation 14 was then us ompute the number of cycles to failure.
Fig. 12 shows the computed cycle to failure for the differeMygases investigated. It is shown that for both
condition G and H thermal cycling conditions, the diffem between the models with the PCB modeled
elastic and viscoelastic is negligible. For failures und;:r%mal cycling, the CTE mismatch between PCB
and die is the main contributing factor. As a result, t \ sion of viscoelastic PCB property is shown to
have minimal impact. This agrees to what has prev{ been reported in literature [31] [32]. The previous
studies converted the frequency domain master ggaves to time domain before obtaining the Prony series
terms. In this paper, it has been shown that fre domain master curve results from dynamic mechanical
analysis can be used to characterize the visc 1c behavior of PCBs and perform computational analysis.

In section 4.2, results for drop tesig ulations are shown. The computational results for strain,
deformation, and acceleration are sho ig. 15 - Fig. 17. The comparisons were done for drops at different
temperatures. The glass transition ggmp®rature was measured to be 126.5 °C. Temperatures closer to and
significantly higher than the Tg we&osen for the comparison. For comparison at 165 °C, the deformation,
strain, and acceleration are o @edicted for the case where the viscoelastic property of PCBs is not

included. Previous work don iu et. al. has shown that the increase in viscosity of the PCB will dampen
the responses under drop t conditions [24]. Moreover, Kraemer et. al. found that the FEM simulation
of drop test overestimate stress and strain at the copper trace of PCB which did not match experimental
results [44]. Other wor, also shown that the time-temperature dependent behavior of PCB substrates is

important to undergan®sidual stresses and dimensional changes in the PCBs during processing such as re-
lamination and sold\Ing processes [23]. This shows that for applications where temperatures go above the
glass transition temperature and a drop testing boundary condition is used, it is important to include the
viscoelastic property of PCBs in order to accurately capture the system behavior.

In summary, for computational studies with both Condition G and H of JESD22-A014D standard, it is
shown that the inclusion of viscoelastic properties did not impact the computational results. For
computational studies with drop testing boundary conditions, it is shown that for temperatures above the
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glass transition temperature, the inclusion of viscoelastic properties has significant impact on the board level
analysis of deformation, strain, and acceleration. However, for temperatures below glass transition
temperature, the inclusion of the viscoelastic properties is not necessary which will save the computational
cost during the design and modeling of the PCBs. In this study, nonlinear fitting tools were successfully used
on frequency domain master curve results from dynamic mechanical analysis to characterize the viscoelastic
behavior of PCBs and computationally study the impact of PCB modeling. This approach has a great
advantage as it does not require the conversion of results to time domain. However, one limitation of this

approach is in characterizing soft materials such as thermal interface materials (TI and die attach
materials as these materials have very low glass transition temperatures and pose a ch ge in obtaining
data to generate master curves from DMA measurements. A future work from this st uld be addressing

these challenges and extending the use of this technique to study the viscoelastic X ies of soft materials
such as TIMs and die attach materials. b

¥
NOMENCLATURE Q
(o)

k; Stiffness of j

T Damping of j 0
o Applied stress \

G(t) Shear modulus as a function of time o

Gy Shear modulus at t =0 é
al Long term Prony coefficient (shear)
af relative Moduli (Gi/Go) \

Tf relaxation times ’\Q
ng Relaxation modes &

t Time O

G* Complex shear modulus 0
G Long term shear modulus o
gf i Prony series term Q

G' Storage shear modu
G" Loss shear mod

E* Complex modulu

E' Storage mod
E" Loss mo

Tan & Loss ang&ent

ar Shi tor

T T ture

T, Refer€nge temperature

T, Glassragsition temperature

C, Fir?fﬁcient of shift factor

C, Secon®coefficient of shift factor

W Frequency

T t=1/t

So Initial value of deformation

resistance
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