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DETERMINATION OF EQUIVALENT ELASTIC PROPERTIES
OF PRINTED CIRCUIT BOARDS

SUMMARY

Printed Circuit Boards (PCBs) are indispensable components in modern electronic
equipment. They are widely used in various fields such as aerospace, military and
defense products, industrial, medical, automotive, telecommunications, maritime, and
consumer electronics. Some of these products, the PCBs have a higher volume than
other parts of the products. PCBs have significantly effects on these products design
and mechanical durability.

PCBs are crucial components in the CubeSats and PocketQubes satellites. CubeSats
have main six subsystems and these subsystem except one (that is structure) made from
PCB or it is controlled from PCB. PocketQubes are made from PCB also structural
system. In this application PCBs can affect other systems and be affected by the
environment.

PCB contains various layers, which are substrate, conductive, solder mask, and
silkscreen layers. Each layer has a specific duty. Substrate ensures mechanical and
thermal durability, insulation between conductive layers. Solder mask, silkscreen layers
are used to help for integrating PCB assemblies. The conductive layers are the main
layers of the PCBs, and their number is named PCB. The main duty is conducting
electronic parts with electronic ways or surfaces. PCBs are made up of layers that are
stacked with epoxy.

Due to the variability in design and materials, the mechanical properties of PCBs must
be thoroughly tested. However, considering budget and time constraints, this is not
always feasible in engineering practice.

This study proposes an equivalent model to efficiently and accurately model the
mechanical properties of PCBs used in CubeSats and PocketQubes. The study is
divided into two main parts: creating a data pool for elastically equivalent model values
and solving an optimization problem to assign coefficients to the equivalent model.
Commercial software and software developed for other projects were used. Modal
frequency analyses were performed for the equivalent models and detailed natural
frequency analyzes were performed using package software. For the optimization
problem, the natural frequencies of geometries simulating the primary structure were
determined using the differential quadrature method.

The database was created with 2-layer, 4-layer, 6-layer, and 8-layer PCBs with two
samples of each. Solid models of each conductive layer were extracted from Altium
Designer and modeled in CATIA based on the stack-up design. Layer fill ratios
were calculated based on maximum dimensions. Due to the small thickness of some
conductive (starting at 0.0175 mm) and insulating layers (starting at 0.26 mm), layers
were modeled as shells for finite element analysis. Detailed surface models were
prepared in Ansys SpaceClaim and transferred to PATRAN for finite element analysis.
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Results were obtained from NASTRAN and added to the data pool for optimization
and validation.

To run the optimization code, the natural frequencies were calculated using the
differential quadrature method. The material model was based on the Halpin-Tsai
model, the normalized root mean square error between the database results and those
calculated with quadrature method is minimized for optimization. A brute force
approach was used to obtain the material parameters that minimize the selected
objective function.

The final comparison showed an average difference of around 3.47% between the
equivalent model results obtained with the differential quadrature method and detailed
finite element analysis results. One PCB, with a non-rectangular geometry, was solved
using finite element analysis due to the inability to use the differential quadrature
method. The detailed analysis of the model, solved using a finite element analysis
program, took 28,695.00 seconds on a computer with 24 cores and 64 GB of memory,
while the analysis modeled with elastic equivalent material model took 1,583.00
seconds on a computer with 12 cores and 32 GB of memory. The solution time was
reduced by 94.48% compared to the detailed finite element analysis with average 2.54%
difference in results.

Further validation involved comparing the results with the Voigt model, the Halpin-Tsai
model is more accurate than the Voigt model, with their differences being around 3%
compared to detailed model. The primary goal of reducing analysis time was achieved
with a 2.54% mode similarity. Future work could expand creating the database through
material property tests and optimizing the equivalent model with more data from more
analysis and resonance survey of PCBs with varying fill volumes.
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BASKI DEVRE KARTLARININ
ESLENIK ELASTIK OZELLIKLERIN BELIRLENMESI

OZET

Baski devre kartlari, giiniimiiz elektronik ekipmanlarinda vazgecilmez bir bilesendir.
Bu kartlar; askeri ve savunma sanayisi, endiistri, saglik hizmetleri ekipmanlari,
uzay, enerji, telekomiinikasyon ve tiiketici ekipmanlart gibi pek ¢ok alanda siklikla
kullanilan elektronik ekipmanlarin temel bilesenleridir. Bu alanlarin her birinde, baski
devre kartlarinin giivenilirligi ve performansi, genel sistemin bagarisi ve verimliligi
acisindan kritik 6neme sahiptir. Pek ¢ok ekipmanin i¢inde baski devre kartinin hacmi
ve etkin alan1 azdir. Ancak, bazi ekipman ve sistemlerde ise bu kartlarin varligi,
ekipmani veya sistemi olusturan diger birimlere gore daha fazladir. Ozellikle, yiiksek
performans ve dayaniklilik gerektiren uygulamalarda, baski devre kartlarinin dogru
malzeme Ozellikleri ve tasarimlari, sistemin genel basarisin1 dogrudan etkileyebilir.
Bu varlik oranmi, baski devre kartinin ekipman ve sistem iizerindeki etkisini veya
sistemin ve ekipmanin baski devre kart1 tizerindeki etkisini dikkate alinmasi gereken
bir seviyeye getirmektedir. Bu hacim ve kiitle fazlalig1 6rnekleri arasinda kiip uydular
ve cep uydulari 6nemli bir yer tutmaktadir. Bu uydularin gorevleri sirasinda maruz
kaldiklar1 zorlu ortam kosullar1 ve titresimler, baski devre kartlarinin dayanikliligim
ve giivenilirligini daha da 6nemli hale getirmektedir. Kiip uydularda, yapr alt sistemi
haricinde elektronik iceren tiim alt sistemler, agirlikli olarak baski devre kartlar
tizerine kurgulanmistir. Cep uydularinda ise durum, kiip uydulara gore daha yiiksek bir
orandadir; yapisal alt sistem olarak da baski devre kartlar1 kullanilmaktadir. Bu tiir
uydularda, baski devre kartlarinin yapisal biitiinliigli, uydunun genel performansi ve
misyon basarisi i¢in kritik 6neme sahiptir. Kiip uydular ve cep uydular yoriingeye
yerlestirilirken firlatma araglar1 kullanilmakta ve bu araglar uydular iizerinde cesitli
yiikler olugturmaktadir: 10 g’lik (g = 9.806m/ %) karekok ortalama (RMS) degerine
sahip rastgele titresim, 2 g’lik ivmelenme, 125 Hz’e kadar 2.5 g’lik siniizoidal
titresimler ve firlatma araclarinin kademe ayriliglari ile atesleme zamanlarindaki sok
yiikleri. Uydularin bu yiiklere dayanimlar1 test asamasinda belirlenir. Uydu projelerinde
test asamasi, iiretim asamasindan sonra gelmekte ve projelerin son sathalarina denk
diismektedir. Bu testlerden basariyla gecemeyen uydular tekrar incelemeye alinmakta
ve testten basarili olana kadar tasarim ve iiretim faaliyetlerindeki hatalar ayiklanarak
devam ettirilmektedir.

Baski devre kartlari, birkag¢ farkli malzemenin birbirine yapistirilmasi ve elektriksel
baglantilarin ilgili yerlere saglanmasi ile olusturulur. Bu katmanlar; yalitkan katman,
iletken katman, lehim maskesi ve serigrafi gibi bilesenlerden olusur. Her bir katmanin
kendine 6zgii malzeme 6zellikleri ve islevleri vardir, bu da baski devre kartlarinin
genel performansim ve dayanikliligini belirler. Iletken katman genellikle bakir
malzemeden folyo olarak kullanilir ve 0.5 oz (0.0175 mm) kalinliktan baglayarak
ihtiyaca gore 1.0, 1.5, ... ve 13.0 oz olarak degisir. Yalitkan katmanin malzeme
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yelpazesi genistir. Ornek olarak FR4, Rogger, Mercurywave ve aliiminyum gibi
malzemeler verilebilir. Bu katmanin temel gorevleri, baski1 devre kartina dayaniklilik
saglamak ve katmanlar arasinda yalitkanlik gorevi gormektir. Katmanlar arasi iletimi,
via olarak adlandirilan delik i¢i iletken kaplamalari ile saglanmaktadir. Bu via’lar,
baski devre kartlarinin elektriksel biitiinliigiinii saglar ve katmanlar arasinda giivenilir
baglantilar olusturur. Yalitkan katman, baski devre kartinin ihtiyaclarina uygun olarak
secilir. Uretim esnasinda da hazir olarak kullanilan ve standartlara uygun prepregler
ile elektriksel yalitim, mekanik ve termal dayaniklilik saglanmaktadir. Baski devre
kartlari, ekipmanlarin elektronik gereksinimlerine ve tasarimlarina gore sekillenir. Bu
sebeple, tasarlanan ve iiretilen tiim alt sistemler eslenik olamaz. Eglenik olmamasi
ve siirekli de8isen tasarim ve malzeme cesitliliginden dolayi, baski devre kartinin
mekanik Ozelliklerinin detayli belirlenmesi i¢in Orneklerinin malzeme o6zellikleri
belirleme testlerine girmesi gerekmektedir. Ancak, bunun biit¢esel ve zaman maliyeti
diistiniildiigiinde, uygulamast miithendislik acisindan uygun degildir.

Uydularin maruz kaldiklar1 ortamlar1 dogru modellemek ve uydulart dogru malzeme
ozellikleriyle modelleyip analizlerini yapmak, bagarim oraninm artiracaktir. Aslinin
aksine agir1 dayanikl olarak analiz sonuglar1 elde edilmis baski devre kartlari testlerde
basarisiz sonuglara yol acabilirken, diisiik dayanimli olarak analiz sonuglar1 elde
edilmis baski devre kartlar1 ise gereksiz yere fazla mithendislik cabasi gerektirecektir.
Daha az bilgisayar giicii ve zaman ile daha yliksek dogrulukta modellenmis bir baski
devre karti, en optimum ¢oziimiin olugsmasina olanak saglayacaktir.

Bu calismada, kiip ve cep uydularinda kullanilan boyutlardaki baski devre kartlarinin
mekanik 6zelliklerini daha ayrintili bir sekilde yansitmak, ancak zaman verimli bir
sekilde modellemek icin eslenik bir model onerilmistir. Calisma prensipte iki temel
parcadan olusmaktadir. Birinci kisim, eslenik modele yonelik degerlerin belirlenmesi
icin bir veri havuzu olusturulmasidir. Ikinci kisim ise, bu veri havuzundan alinan
verilerin eslenik modele atanacak katsayilarin belirlenmesi i¢in bir optimizasyon
probleminin ¢oziilmesidir. Calismada, ticari yazilimlar ve bagka projelerde gelistirilmis
yazilimlar kullamlmistir. Optimizasyon c¢alismasinda, eslenik modellere iligskin
dogal frekans analizleri gerceklestirilmis ve veri havuzu icin paket yazilimlar ile
belirli kogullar altinda detayli dogal frekans analizleri yapilmistir. Optimizasyon
probleminin ¢6ziimii i¢in, asil geometrinin dig boyutlarin1 kapsayacak sekilde
benzetilmis geometrilerin dogal frekanslar1 diferansiyel kuadratiir yontemi kullanilarak
belirlenmisgtir.

Veri havuzu, 2 katli, 4 katli, 6 katl1 ve 8 katl1 baski devre kartlarinin her ¢esidinden
ikiger adet olmak iizere toplamda sekiz farkli baski devre kart1 ile olusturulmustur.
Oncelikle, bask1 devre kartlarinin bilgisayar destekli modellendigi baski devre karti
tasarim programi Altium Designer’dan her iletken katmanin kat1 model ¢iktis1 alinmagtir.
Bu ciktilar, baski devre kartinin katman y1gin1 tasarimina gore katt modelleme yazilimi
olan CATIA ile modellenmistir. Bu modelleme esnasinda, katmanlarin doluluk hacim
oranlar1 hesaplanmistir. Doluluk hacim oranlar diferansiyel kuadratiir yonteminde
kullanilan maksimum uzunluklara gore hesaplanmistir. Sekiz katli ikinci modelde ise
doluluk hacim oram baski devre kartinin maksimum boyutlarina gére hesaplanmastir.
Modellenen baski devre kartlarinin bazi iletken katmanlarinin kalinliklart 0.0175
mm’den, yalitkan katmanlarin kalinliklar1 ise 0.26 mm’den baslamasindan dolayi,
sonlu elemanlar analizleri i¢in katmanlar kabuk olarak modellenmistir. Ek olarak,
modelin detayinda 0.1 milimetre x 0.1 milimetre uzunluk ve genislige sahip yiizeylerin
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detaylarindan otiirii, katt modeller sonlu elemanlar yazilimina hazirlanmak icin Ansys
SpaceClaim yaziliminda orta yiizeyleri olusturularak diizenlenmistir. Diizenlenen
ylizey modeller sonlu elemanlar yazilimi PATRAN yazalimina aktarilmistir. PATRAN
yaziliminda, analizlerin sonlu elemanlar modeli malzeme 6zelliklerinin atanmasi ve
sinir kosullarinin belirlenmesi ile olusturulmustur. PATRAN yaziliminda olusturulan
sonlu elemanlar modellerin analizleri NASTRAN yaziliminda ¢6ziilmiis ve sonuglarin
ve gorsellestirilmesi yine PATRAN yaziliminda gerceklestirilmistir. 2 kath ve 4 kath
baski devre katlarinin dogal frekans analizi modelleri ve sonuclar1 veri havuzuna
optimizasyon adiminda kullanilmasi i¢in eklenmigtir. 6 katli ve 8 kath baski devre
kartlarinin modelleri ve sonuglar1 ise veri havuzuna dogrulamadaki analizlerde
kullanilmak {izere veri havuzuna eklenmistir.

Eslenik malzeme modelinin olusturulmasinda Halpin-Tsai modeli baz alinmis ve
doluluk iizerine kurgulanan formiilasyonu iizerine doluluk hacim oranina istinaden bir
formiilasyon Onerilmistir. Formiilasyonda yer alan esleme parametresi optimizasyon
icin kullanilan parametre olmustur. Optimizasyon parametresinin dogal frekans
hesaplamasinda kullanimini kolaylastirmak adina dogal frekanslar optimizasyon
adiminda da diferansiyel kuadratiire metodu kullanilmis ve dogal frekanslar bu yontem
ile hesaplanmistir. Halpin-Tsai modeline gore veri havuzu sonuglar ile kuadratiire
metot ile hesaplanan sonuclar1 normallestirilmis kok ortalamalarinin toplami en aza
indirilecek sekilde optimize edilmistir. Brute force yaklagimiyla ile veri havuzu ve
malzeme Ozellikleri degistirilerek fark optimizasyonu gergeklestirilmistir.

Bu calismalarin sonunda, baski devre kartlarinin eslenik malzeme modelinin
diferansiyel kuadratiir yontemi ile elde edilen analiz sonuglari ile detayli modellenmis
sonlu elemanlar yontemi analiz sonuclar1 kiyaslanmistir. Kiyaslama sonucu, tiim
diferansiyel kuadratiir yontemi ile elde edilmis dogal frekans analizleri sonuglari
arasindaki farkin ortalamasinin %3.47 civarinda oldugu bulunmustur. Geometrisinin
dikdortgen olmamasi nedeniyle bir baski devre karti, diferansiyel kuadratiir yontemi
ile ¢oziilememis ve dogal frekans belirlemesi sonlu elemanlar yontemi ile yapilmistir.
Bu baski devre kartinda, Halpin-Tsai ve Voigt modellerine gore elastik ozellikleri
degistirilmis ve her katman ayr yiizey olarak modellenip ¢oziilmiistiir. Detayli dogal
frekans analizi sonucuyla eslenik model analizi sonucu arasinda Halpin-Tsai ile elde
edilen malzeme modeline gore ortalama %?2.54’liik bir fark bulunmugtur. Detayli model
analiz sonuclarina gore, Voigt ve Halpin-Tsai modelleri arasindaki fark, Halpin-Tsai
modelinin sonuglarinin Voigt modeline gore %3 daha iyi oldugunu gostermektedir.
Sonlu elemanlar analiz programi ile ¢éziimlenen modelin detayli analizi, 24 ¢ekirdekli
ve 64 GB bellekli bir bilgisayarda 28,695.00 saniye siirerken, elastik eslenik malzeme
ile modellenen analiz, 12 ¢ekirdekli ve 32 GB bellekli bir bilgisayarda 1,583.00 saniye
stirmiistiir. Coziim siiresi, detayli sonlu elemanlar analizine gore %94.48 azaltilmistir.
Calismanin temel hedeflerinden biri olan analiz siiresinin kisaltilmasi, %?2.54’liik bir
analiz sonug¢ benzerligi ile gerceklestirilmistir. Gelecek calismalarda veri havuzunun
genigletilmesi, detayli modellenmis analiz sonuglar1 ile olan benzerligi arttirmaya
yardimci olacaktir. Veri havuzu, malzeme 6zelliklerini belirleme testleri, daha fazla
detayli analiz modelleri ve sonuglar ile genigletilebilir. Farkli doluluk hacim oranlarina
sahip baski devre kartlarinin rezonans taramasi yapilarak dogal frekanslar1 belirlenip,
diferansiyel kuadratiir yontemi ile eslenik modelin optimizasyonunda daha fazla
veriden yararlanilabilir.
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1. INTRODUCTION

The thesis study is done to help the next generation of space technologies. Every smart
equipment has an Printed Circuit Board (PCB). PCBs are needed to have good model.
When designing an equipment, there is not enough time to model a detailed PCB for

each iterate.

1.1 Purpose Of Thesis

Satellites heavily rely on PCBs. However, the intricate details of PCBs in CubeSats
and PocketQubes make it time-consuming to model them for analyzing their durability
under launch vehicle loads experienced during launch and orbit transfer phases. This
study proposes an optimized solution for modeling PCBs during analysis to determine

their readiness for these harsh environments.

1.1.1 Printed circuit board

PCBs are used in various applications. These applications can be headlined Aerospace,
Defense, Industrial, Medical, etc. PCBs are stacked up by using the conductor and
insulation layer to create a pad and a way to connect electronic components and create
electronic equipment. PCB has numerous different designs because each application
has its own positioning electronic components. They are named for the number of
conductor layers. The two-layer PCB has two conductor layers. The layer number can
start from one to infinite number. Generally, six and eight conductor number layers
used in CubeSat, pocket cube satellite applications. An example of PCB stack-up is

given in Figure 1.1.

* Conductor layers (yellow): These are the thin metal layers (usually copper) that

carry electrical signals.
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Figure 1.1 : PCB stack-up example.

* Insulating layers (gray): These are the thin layers of non-conductor material (likely
epoxy resin) that separate the conductor layers and prevent unwanted electrical

connections. Figure 1.1 depicts multiple gray layers, indicating a multilayered PCB.

* Silkscreen (green): This is the non-conductor green layer applied on the outer surface

of the PCB for labeling components, reference designators, and other markings.

* The via hole is a plated hole (likely copper-plated) that goes through multiple gray

insulating layers, electrically connecting the conductor layers on either side. [1]

Electronic components are placed on top or bottom side of the PCB. A PCB with
electronic components is named PCB assembly. An example of the PCB assembly is

given in Figure 1.2 [2].

1.1.1.1 Materials of insulating layers

FR-4 is a flame-retardant epoxy resin laminate developed by the National Electrical
Manufacturers Association (NEMA) in 1968 [3]. It is the most commonly used PCB
dielectric and core layer material [4]. FR-4 is reinforced with woven fiberglass cloth,
providing excellent strength-to-weight ratios and near-zero water absorption, making
it an effective electrical insulator with significant mechanical strength, suitable for

various applications even in humid conditions.



Figure 1.2 : PCB assembly example.

FR-4 materials are defined by the Institute for Printed Circuits (IPC) standards
at Base Materials for Printed Boards, which specify different types of woven laminate.
Common weave styles for FR-4 laminate materials include 1080, 2116, and 7628, as
defined by IPC standards. Grade designations for glass epoxy laminates are G-10,
G-11, FR-4, FR-5, and FR-6. Of these, FR-4 is the most widely used today. G-10, the
predecessor to FR-4, lacks the self-extinguishing flammability characteristics of FR-4
and has been largely replaced by FR-4 in most applications.

FR-4 is extensively used in the production of rigid PCBs. A thin layer of copper foil is
laminated to one or both sides of an FR-4 glass epoxy panel, creating “copper-clad
laminates.” These sheets are etched to form circuitry, producing single or multilayer
PCBs.

Additional PCB materials and properties

* CEM-3: Similar to FR-4 but uses a different type of glass fabric, resulting in a milky

white, smooth material.

* Prepreg: Epoxy-coated glass fabric used as a dielectric in multilayer PCBs and as
raw material for FR-4. Prepreg layers are laminated together to form the adhesive

bonds in the PCB.



* Flexible and Rigid-Flex PCBs: Made using materials like Kapton, these boards can
fold and twist, making them ideal for compact packaging. Kapton variants include

Pyralux LF, Pyralux FR, and Pyralux AP.

* RF/Microwave/High-Speed PCB Materials: High-frequency PCBs use specialized
materials such as Rogers’ series (5870/5880, 3003/3006/3010, etc.) and Arlon’s
DiClad and CuClad series.

* Hybrid PCBs: Combine standard FR-4 laminate with other

RF/microwave/high-speed laminates to balance performance and cost.

Key material characteristics

* Coefficient of Thermal Expansion (CTE): Measures material expansion with

temperature changes, crucial for maintaining PCB integrity under thermal cycling.

* Glass Transition Temperature (Tg): The temperature at which material properties
change from brittle to rubbery, affecting the material’s suitability for different

soldering processes.

* Decomposition Temperature (Td): Indicates the temperature at which a material

starts to degrade, useful for assessing thermal stability.

* Dielectric Constant (Er): Determines signal propagation speed in a dielectric

material, impacting the design of impedance-controlled signals.

* Dissipation Factor (Loss Tangent): Measures the percentage of transmitted power

lost in the laminate material.

1.1.1.2 Classification of printed wiring boards

There are two primary methods for forming conductors on printed wiring boards

(PWBs):

* Subtractive: This process removes unwanted copper foil from a base substrate,

leaving the desired circuit pattern behind.



* Additive: This process creates the conductor pattern by adding copper to a bare
substrate in specific locations. This can be achieved through copper plating,
screening conductive paste, or laying down insulating wires onto the predetermined

conductor paths.

Figure 1.3 categorizes PWBs based on several factors, including fabrication processes
and substrate material [5]. Here’s how to interpret the figure:

Column 1: Classifies PWBs by their substrate material.

Column 2: Classifies PWBs by the method used to create the conductor pattern image.
Column 3: Classifies PWBs by their physical form (rigid, flexible, etc.).

Column 4: Classifies PWBs by the method used to actually form the conductors.
Column 5: Classifies PWBs by the number of conductor layers they contain.

Column 6: Classifies PWBs by the presence or absence of plated-through-hole (PTH).
Column 7: Classifies PWBs by their production method.

1.1.1.3 Standards of printed circuit boards

One main organization creates standards for designing, producing, and testing the
printed circuit boards. The organization is IPC as Association Connecting Electronics
Industries, Bannockburn, IL. The IPC offers a comprehensive suite of standards that

encompass various aspects of PCB design and manufacturing. Some of standards are:

IPC-T-50 : Terms and Definitions

IPC-222x Series : This series encompasses various generic standards that provide
guidelines for designing different types of printed board, including flexible and

multi-chip modules.

IPC-2611 : Documentation Requirements

IPC-A-600 and IPC-A-610 : Inspection and Evaluation

IPC-601x Series : Specification and Qualification

The simplified standard tree is shown in Figure 1.4 [6].
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Figure 1.3 : Classification printed wiring boards.
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Figure 1.4 : IPC simplified tree.



1.1.1.4 Classification of board according to application and producibility

Each design and application should have a classification. There are three classes and
levels for board classification. Figure 1.5 gives classes and levels of application and
producibility [5].

Firstly, classes of board application specify according to the failure what cause. Class
1 consists toys, games, and general products. If these products fail, they don’t cause
any important issue for life threatening and the application can be stopped. Class 2
consists of desired electronic service products. These applications products are used for
an important issue. If this issue cannot be performed, some problems occur; however,
there is no life-threatening. Final Class 3 uses for high reliability electronics, such as
military, aerospace, medical areas. This class should not fail, because it can be caused
life threading.

There are three level about producibility of PCB. They are classified according to
complexity. Level A has less complexity and a general design. Level B is standard.

Level C has the highest complexity in these levels.

Classes of Board jl Producibility

by Application Level

* Dedicated service
electronic products

« If fail, uninterrupted Class 2 | Level B Moderate Design

L . Complexity—standard
service is desired, but P Y

not life threatening

* Toys, games, and
general products. | General Design

« If fail, there are no Class 1 Level A Complexity—preferred
large ramifications.

* High reliability
electronic products High Design
 If fail, interrupted — Class 3 Level C Complexity—reduced
service could be life producibility
threatening.

Figure 1.5 : Classes of board application and producibility levels.

1.1.1.5 Mechanical test for material characterization of PCB



Mechanical testing is crucial for qualifying copper-clad laminates before using them
in PCB manufacturing. These tests provide valuable information for engineers to
select materials suitable for the intended application. There are three common tests for
determining the PCB’s mechanical properties. These tests are tensile test, flexural test
and copper peel strength test. Tensile Test: Measures the modulus (stiffness) and tensile
strength (maximum load) of the laminate under tension.

Flexural Strength Test: Evaluates the laminate’s resistance to bending forces.

Copper Peel Strength Test: Assesses the bond strength between the copper foil and the
laminate before and after exposure to thermal stress.

Modulus and Tensile Strength (Tensile Test)

This test method, based on ASTM D 882, determines the Young’s modulus and yield
stress of copper-clad laminates. It aligns with industry standards like [PC-TM-650 for
both rigid and flexible laminates.

Flexural Strength Test

This test, based on ASTM D 790 and IPC-TM-650 method 2.4.4B, determines the
flexural strength of the laminate, which is its resistance to bending forces.

Copper Peel Strength Test

For copper peel strength testing, refer to Section 15.4.2 of the original text. This
section likely describes the test method and potentially provides space to record results.
Additional tests might be necessary after specific thermal stress exposure (solder dip,
reflow profiles) or plating solutions to evaluate the impact on the copper-laminate bond

strength.

1.1.2 Usage of PCBs at space application

PCBs are used in all kind of space applications. Class 3 PCBs are used most of the
time. The user demands high durability, reliability, and affordable properties from
PCBs. These PCBs design, manufacture requirements are standardized by European
Cooperation for Space Standardization (ECSS). ECSS is standardized all space activity
for European Space Community and is a follower of the ECSS standards. Basically,

there are four branches for grouping standards. This tree is shown in Figure 1.6 [7].



ECSS-S-ST-00C ECSS-S-ST-00-01C
System description Glossary of terms

Space sustainat

T

(as of 15 September 2021)

Figure 1.6 : ECSS disciplines.

If an application is related with PCB, the standard gives advice to who follower of the
standards. There are two standards related with PCB totally, ECSS-Q-ST-70-12C and
ECSS-Q-ST-70-60C. ECSS-Q-ST-12C is related about PCB design rules. The other
standard is related about PCB procurement. The Q-70 discipline details tree is given in

Figure 1.7 [8].
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Figure 1.7 : ECSS Q70 discipline tree.

1.1.3 Example of PCBs at space application

In space applications there are numerous spacecraft and they are working in harsh
conditions in the space environment. Also, there are many things for specified and
classified spacecraft and satellites. Basically, spacecrafts are classified by eight types.

These are listed below.

* Flyby spacecraft

* Orbiter spacecraft

* Atmospheric spacecraft
* Lander spacecraft

* Penetrator spacecraft

* Rover spacecraft

* Observatory spacecraft

e Communications and Navigation spacecraft
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Spacecraft can be classified according to orbit, mass and volume, payloads, and missions.

According to mass classification is shown Table 1.1 [9].

Table 1.1 : Spacecraft classification according to mass.

Definition Platform Mass, kg
Large Spacecraft =>1000
Medium Spacecraft =>500 and <1000
Small Spacecraft <500
Mini Spacecraft =>100 and <500
Micro Spacecraft =>10 and <100
Nano Spacecraft =>] and <10
Pico Spacecraft =>0.1 and <1
Femto Spacecraft =<0.1

Subsystems of CubeSat and PocketQube satellites are mainly focused satellites are
this thesis. Standard size of CubeSats dimensions are given in Table 1.2 [10]. These
dimensions are basic dimensions and those are can be changed according to launcher

deployer.

Table 1.2 : Dimensions of CubeSats’ standard size.

Size Dimensions, mm X mm X mm
10 100x 100 x 113.5
1.5U 100 x 100 x 170.2
2U 100 x 100 x 227
3U 100 x 100 x 340.5
6U 113 x 226 x 340.5
12U 226 x 226 x 340.5

The standard size of the PocketQubes dimensions is given in Table 1.3 [11].

Table 1.3 : Dimensions of PocketQubes’ standard size.

Standard Size Dimensions, mm X mm X mm
1P 50x50x50
2P 50x50x 114
3p 50x50x 178

PCBs fractions are inverse propagation with satellite mass and volume. While the
satellite mass and volumes decrease, the PCB fractions are increase. This relationship,

give us an idea about the importance of the PCBs modelling increases at small satellites.
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CubeSats are mainly fit in to categories of micro, nano, and pico satellites. PCBs also
affect to CubeSat systems. It is not more then PocketQube; however, the effectiveness
should be taken into account for launch vehicle analysis. Some examples of the
CubeSats are shown in Figure 1.8. KILICSAT [12] is 3U CubeSat, BeEagleSat [13] is
2U CubeSat, BDSAT [14] is 1U CubeSat and SPACEBEE [15] is 0.25U CubeSat. All
CubeSats has PCB based solar panels and interior of the BeEagleSat is shown in figure

and it shows, number of PCB is also high inside of the satellites.

Figure 1.8 : Examples of CubeSats ( KILICSAT, BeEagleSat, BDSAT, SPACEBEE).

PocketQubes are nowadays most used satellites at femto and pico satellite categories.
PocketQubes nearly made from fully PCB. Structural system main focus is supporting
the PCBs. Some PocketQubes examples are given in Figure 1.9. FOSSASAT-1 [16] is
1P PocketQube, FOSSASAT-2 [17] is 2P PocketQube, Delfi-PQ [18] and MRC-100 [19]
are 3P PocketQubes. Delfi-PQ’s interior design also shown in the figure and number of
PCBs is high inner and outer design. This number of the PCB has important effective

on the satellite.
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Figure 1.9 : Examples of PocketQubes ( FOSSASAT-1 , FOSSASAT-2 , DELFI-PQ,
MRC-100).

From this basic idea, PCBs should have good model for all kind of activity on modelling.

All of these project cost-effective project and modelling process should be decreased

more then now. In this study, 4 case are created with designed and produced PCBs. At

the final stage, some numbers will found for without modelling detailed of PCBs.

1.2 Framework

This thesis explores a method to determine the equivalent homogenized mechanical
properties for each layer of a PCB without explicitly modeling the entire PCB. The
process begins with a finite element method (FEM) analysis focused on modal analysis,
which examines the natural vibration frequencies of the PCB. The detailed modal
analysis results from the FEM analysis are then stored in a database for optimization.
Since we are dealing with sandwich plates, the Differential Quadrature Method (DQM)
is a well-suited approach for solving for the natural frequencies. The optimization
process aims to achieve the desired modal results obtained from the detailed FEM
model by adjusting the material’s elastic properties. The Halpin-Tsai material model
is employed, and the optimization is based on this model. This method is applied to
optimize the modal responses of four different PCBs. The complete workflow of the

thesis is illustrated in Figure 1.10.
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Figure 1.10 : Workflow of thesis is defined by diagram.

1.3 Thesis Outline

The thesis aims that finding an affordable equivalent model for solving behavior of
PCBs at environmental loads. PCBs and their classifications, standards, usage of them
at space application, satellites, and their importance on satellites are explained in
Chapter 1. Also, outlines are figured the main objective of this study.

Following the introduction, Chapter 2 provides a comprehensive literature review
exploring existing research on PCB modeling for mechanical load analysis.

After the literature review section, detailed PCB modeling is described. Because there
are so many different PCB designs, conducting the analysis on a computer is more
convenient for creating a database for this thesis. Therefore, Finite Element Analysis
(FEA) is selected for developing the database. All steps of modelling and obtaining
results of the PCBs are outlined in Chapter 3. Eight PCB models are prepared with all
details for the thesis.

Chapters 4, 5, and 6 focus on the mathematical framework. Chapter 4 explains origin of
the proposed material models and derivation of the associated equations. Chapter 5
introduces a mathematical model specifically developed for the Differential Quadrature
Method (DQM), which is then elaborated upon in Chapter 6. Notably, DQM is an
efficient method for use in optimization code. While optimization involves changing
equivalent material properties, DQM is able to obtain analysis results faster than FEA.
Additionally, DQM models are presented in this chapter.

Chapter 7 describes the optimization strategy, detailing how DQM is used alongside the

detailed FEM results to determine the optimal material model for each PCB layer.
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Finally, Chapter 8 presents the results of all analyses and validates the study’s findings.
The thesis concludes with a summary of the key takeaways and potential future

directions in Chapter 9.
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2. LITERATURE REVIEW

The review is divided into two parts. The first focuses on PCB modeling approaches,
considering whether electronic components are included. Some researchers focus on
modeling the entire PCB assembly, including electronic parts. Others focus solely on
modeling the PCB itself. The second part explores how researchers select and justify

the values used for analysis and modeling.

2.1 Material Property Determination

Numerous studies have been conducted about the modeling of PCBs for using
mechanical and thermal analysis. Study of Pitarresi examines experimental and
computational methods employed in PCB vibration analysis [20]. It also addresses
the validation of the modeling results and the impact of the simplification of material
properties on modeling.

Researchers are conducting various studies on the determination of PCB mechanical
properties. Determination of PCBs mechanical properties studies can be categorized by
two way. The first way is to use test methods and determine the mechanical properties
of the PCB for implementing the analysis. The other way is estimation of mechanical
properties according to analysis criteria with using composite plate theory. If two ways
are not used for FEM analysis, each stacked layer is implementing to analysis. Due to
the complexity of the modeling, FEM analysis takes a lot of time. The tests are very
expensive because of the high number of PCB designs.

Bhavsar et al. propose a method to determine equivalent single-layer material properties
for PCBs [21]. Their study highlights the importance of material properties in PCB
analysis and the impact of variations on the board’s response. The method utilizes
Classical Lamination Theory (CLT) to estimate the average properties of the FRP
laminate and validates the results through simulations with using Ansys and Sherlock

software. Chippalkatti et al. addressed the challenge of characterizing the complex
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material properties of PCBs [22]. Their study aimed to estimate equivalent single-layer
properties using finite element (FE) analysis, testing, and calculations. Five PCBs
with different thicknesses, dimensions, and copper layers were chosen for analysis. By
varying boundary conditions, damping values, and other factors, they estimated Young’s
modulus and Poisson’s ratio for each PCB. The obtained equivalent properties were
validated by comparing the first modal frequency from simulations with experimental
results, demonstrating good agreement. Gharaibed proposed a method using FEA
and the response surface method (RSM) to identify the unknown in-plane material
properties of PCBs [23]. Their approach involves comparing resonant frequencies and
mode shapes from FEA with experimental data, iterative refining the model using RSM
to achieve good agreement, and validating the estimated material properties. Gharaibed
also propose an artificial neural network (ANN) approach to estimate the equivalent
in-plane material properties of PCBs in recent his research [24]. Their method utilizes
FEA data to train the ANN to identify the relationship between natural frequencies and
mechanical properties. The ANN-predicted properties are then used in FEA simulations,
resulting in good agreement with experimental data, highlighting the potential of this
Al-based methodology.

Morettini et al. addressed a critical gap in CubeSat design by proposing a method
to model PCBs alongside their electronic components [25]. Vibrations during launch
are a major cause of CubeSat failure, highlighting the need for accurate modeling.
Traditional methods neglect components, leading to unreliable predictions. Authors
were determined mechanical properties of PCB from studies of Wei and Xu [26] and
Bell et al. [27]. Also, study shows that equivalent mechanical properties of PCB is

useful satisfied by test and analysis comparing.

2.2 Material Effectiveness Determination Studies

Fuchs et al. emphasize the importance of considering direction-dependent material
properties in FEA simulations of PCBs [28]. This can lead to significant differences in
predicted stress and deformation fields compared to using isotropic material models.
This study demonstrates that considering the direction-dependent material properties

of PCB layers is crucial for accurate stress analysis via finite element simulations.
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Although these properties significantly affect stress in the insulating layers, their impact
on the conducting layers is minimal, highlighting the importance of accurate material
characterization for a reliable PCB design.

Study handled by Haugan and Dalsjo investigated the material properties of two FR-4
laminates commonly used in PCBs [29]. By measuring various properties like elasticity
and thermal expansion, the research aimed to improve understanding of how these
laminates behave under different temperatures, including those experienced during
soldering processes. The findings provide valuable data for selecting appropriate
laminates based on their end-use application.

Guoquan et al. investigated the impact of PCB thickness on natural frequencies
using finite element modeling (ANSYS) and modal analysis [30]. Their findings
demonstrated a positive correlation between thickness and natural frequency, particularly
for higher-order modes. This highlights the importance of considering thickness during
PCB design, but it’s important to note that their model likely used FR-4 material

properties and excluded copper layers, potentially affecting the real-world behavior.

2.3 Dynamic Analysis and Modeling Methods

Study of Lim the dynamic characteristics of PCBs supported by edge retainers and
plug-in connectors were analyzed, and a method for maximizing the fundamental
frequency of vibrating structures was proposed [31].

While many studies focus on material properties during PCB modeling, Wei and Xu
specifically developed a dynamic model for PCBs using FR-4’s orthotropic properties
[26]. Their work emphasizes the importance of considering not only material properties
but also boundary conditions and component placement for accurate vibration analysis
through finite element modeling.

Dash et al. investigated the impact of component stiffness on PCB dynamics using FR-4
as the base material [32]. Their study compared detailed component modeling with a
time-saving "local smearing" approach, finding good agreement for natural frequencies
and frequency response functions. This suggests local smearing is suitable for these
aspects, while detailed modeling remains necessary for stress analysis at component

interfaces.
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Al-Araji et al. proposed a methodology for preliminary vibration analysis of PCBs
during the design phase [33]. To improve design efficiency, they compared finite element
simulations (using "concentrated weight" elements for components) with experimental
results, demonstrating good agreement. This approach allows for faster modeling and
reduces design iterations by identifying potential vibration issues early.

Bachoo et al. explored how component properties like mass, location, and stiffness
influence a PCB’s resonant behavior [34]. Using a combination of experimental
testing and finite element modeling (FEM) with FR-4 material, they observed that
sparsely populated PCBs have lower natural frequencies compared to bare boards, while
densely populated ones experience an increase. This finding suggests that designers
can strategically place components during the design phase to achieve desired vibration
characteristics for the PCB.

Overall, research of Amy presents a new design process with validated tools that
can significantly improve the efficiency and effectiveness of designing spacecraft
electronic equipment for vibration resistance [35]. The research successfully delivered
the proposed design tools. These tools provide a good level of design optimization with
minimal effort and are likely to be adopted due to their ease of use. Even if a design
fails the qualification test (which is now less likely), the upfront optimization reduces
the need for a complete redesign, allowing for simpler and faster corrective actions.
The main focus of the research was on validating the processes for creating these tools,
rather than the tools themselves. This involved significant advancements in response
prediction (modeling accuracy and influencing factors) and failure criteria (identifying
local curvature as the primary failure cause). This not only validates the proposed design
tools but also provides valuable insights for developing more efficient future models.
In summary, the research achieves its goals and offers valuable contributions in design
tools, process validation, response prediction, and failure criteria, all of which can
improve the design process for spacecraft electronic equipment. Model PCB by testing.
Researcher determined that, PCB’s properties is not given properly from manufacturer.
Tinca et al. address the challenge of modeling PCBs with unique material compositions
[36]. Their study focuses on a 9-layer PCB with a ceramic-filled composite layer,

commonly used in automotive radar applications. Standard material models might not
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accurately capture the behavior of such PCBs. The authors propose an FEA calibration
method that leverages low-cost experiments to determine the material properties. They
create three main FEA models: a homogeneous model with different material definitions
(isotropic, transverse isotropic, and orthotropic), a trace reinforcement model, and a
mapped model. Through optimization, they achieve an excellent overall fit (1%)
between the calibrated model and experimental data. Notably, the transverse isotropic
material formulation (DP2) and the mapped trace model (DP5) demonstrate the best
accuracy (4% error), highlighting their effectiveness for modeling PCBs with unique

material compositions.

2.4 Model Calibration and Validation

The article studied by Zhang et al. is about modal analysis of a board-level electronic
package subjected to drop impact [37]. The model of PCB taken from a private company.
They created a theoretical model of a PCB with three chip size packages (CSPs) mounted
on it. They analyzed this model to determine the mode shapes and natural frequencies.
They built a FE model of the PCB and CSPs and performed modal analysis on it. They
conducted a modal test using an impulse hammer to measure the actual mode shapes
and natural frequencies. They compared results from the theoretical model, FE model,
and modal test.

Zhang et al. used a laser-based interferometric technique to measure the modal
parameters of a board-level package at another study [38]. They then built an equivalent
finite element model of the board-level package and used the Taguchi method to optimize
the equivalent material properties. The optimized material properties were then used to
improve the accuracy of the finite element model. In other words, they built a model of
a circuit board and figured out the best way to represent the materials the board is made
of in the model. This will allow them to more accurately predict how the board will
behave in different situations.

Fuchs et al. highlights the importance of accurate, direction-dependent material
properties in FEA simulations of PCBs, demonstrating significant differences in stress
and deformation fields compared to isotropic material models [28].

Mukind’s thesis evaluated FR-4 and Mercurywave, common PCB materials, for Nano
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satellites through tensile tests [39]. FR-4 emerged as the superior choice due to its
improved strength, stiffness, and ductility, offering a more cost-effective and structurally
sound option for these miniature spacecraft. The study also satisfy PCBs mechanical
properties for researcher. The results of this study also evaluated at Table 2.1 and Table
2.2.

Study of Fontana et al. investigates various numerical models for analyzing the dynamics
of two-layer PCBs [40]. The goal is to identify efficient models for future studies on
Printed Circuit Board Assemblies (PCBAs). The authors compare five models of
varying complexity with experimental data. Interestingly, simpler models based on
analytical relationships ("Equivalent Copper" and "Uniform Layers") achieved good
accuracy for both static and dynamic behavior. These models offer a favorable balance
between accuracy and ease of use compared to more complex models requiring specific
software or extensive data. The study suggests these simpler models as promising
candidates for further investigations on PCBAs populated with components.

This article studied by Lall et al. discusses a model for predicting the reliability of
ball grid array (BGA) and chip scale package (CSP) assemblies used in automotive
underhood applications [41]. The authors compare their model to existing damage
relationships and find that their model provides more accurate predictions for BGA
and CSP assemblies on high-Tg printed circuit boards. They modelled PCB as the
organic laminates are modeled as orthotropic and that the temperature dependence of
their Coefficient of Thermal Expansion (CTE) and elastic modulus is taken into account
suggests that the material properties of the PCB material are incorporated into the finite

element models in a way that accounts for their anisotropy and temperature dependence.

2.5 Used PCB Properties

Tables 2.1 and 2.2 in this thesis summarize PCB properties based on the evaluated

literature for this study.
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3. FINITE ELEMENT ANALYSIS of PCBs

Designed and produced PCBs are selected for creating a database according to the
volume fraction, the number of layers. Eight cases created. 2 Layer PCBs and 4 Layer
PCBs are used for optimization, 6 Layer PCBs and 8 Layer PCB are used for validation.
FEM analyses of all PCBs are solved in the same way as in the workflow. A database

was created from FEA that has all details included in FEA models.

3.1 Workflow of Creating Detailed PCB’s Modal Frequency Database

Firstly, each layers are generated by using PCB design software that is Altium Designer
[42]. After generating each layer, Computer Aided Design (CAD) models created
detailed. Each layer is assembled according to the PCBs design. This process is carried
out using the CAD software that i1s CATIA [43]. This process aims to obtain a detailed
model of PCBs.

After this process, another CAD software is used to prepare the CAD model for FEM
analysis. At this point, Ansys SpaceClaim [44] software is used and a mid-surface 2D
surface generated is generated to decrease the solution time in FEM analysis.

Finally, the FEM analysis model is created by using PATRAN [45] software. The mesh
size of the analysis model defines one course size. After FEM analysis model creation,
analysis performing by MSC NASTRAN [46]. After getting result, mesh size is divided
half of that and model re-created for performing analysis. Two analysis results are
compared and if the difference of the results is average less than 1.00 %, the first six

natural frequency modes of the PCBs are satisfied under defined boundary conditions.

25



w Extracting Produced Layers of PCBs |

‘ o
Getting Mid-Surface of Layers —{ Stack-Up Exracted Layers

1

Solving Modal Analysis with Modelling PCBs with Detailed
Course Mesh Layers FEM

'

Solving Modal Analysis with Half
of General Dimension of Mesh

Determining PCB’s A .
First Six Modes 4~ Difference Avarage < %1.0

/ Frequencies /
Figure 3.1 : Workflow of FEM analysis.

3.1.1 Volume fraction of PCBs calculation

Volume fractions are used in the calculation of equivalent elastic properties. Two
methods are used for calculating volume fractions. The first volume fraction calculation
method is used in the DQM code, while the second method is used for solving the
equivalent model in FEA software. The volume fraction of each layer is calculated
individually. The maximum dimensions are considered mutual. The first volume
fraction calculation model and its equivalent model illustration is shown in Figure 3.2.

The first volume fraction calculation method is defined as follows:

1. Define the maximum length (a) and width (b) as a rectangular shape.

2. Calculate the maximum surface area based on the length and width.

26



3. Determine the volume of the layer occupied by voids and material by multiplying

the maximum surface area by the layer thickness, defined as Vyaximum-

4. Determine the layer’s volume occupied by material from CAD software, defined as

VLayer .

5. Calculate the volume fraction by dividing the calculated volume of the layer by the

maximum volume of that layer vf = Vpayer/VMaximum-

The second calculation method differs only in the second step. The maximum area is
calculated using CAD software based on all maximum edges, and the shape can differ
from a rectangular shape. The other steps are the same as in the first method. The

second volume fraction calculation model and its equivalent model illustration is shown

in Figure 3.3.

Detailed Model Equivalent Model

Figure 3.2 : Volume fraction calculation example for first calculation method.

Detailed Model Equivalent Model

Figure 3.3 : Volume fraction calculation example for second calculation method.
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3.2 CAD Models of PCBs

In total, eight different CAD models are created using the Altium Designer software
export tool. The copper layers are exported inside of the Parasolid file. All Parasolid
files are converted to STEP file. After this convert application, the layers are ready for
stack-up and build PCB in computer environment.

Figure 3.4 and Figure 3.5 are shown first group PCBs models. There are three layers;
bottom and top sides have copper material. Middle side has FR-4 material. The stacking
materials, thicknesses and volume fractions of these PBCs are defined in Table 3.1 and

Table 3.2.

Figure 3.4 : CAD model of 2-Layer PCB-001.

Table 3.1 : Model information of 2-Layer PCB-001.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.094
2 FR-4 1.500 0.962
3 Copper 0.035 0.109

Figure 3.5 : CAD model of 2-Layer PCB-002.
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Table 3.2 : Model information of 2-Layer PCB-002.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.983
2 FR-4 1.500 0.991
3 Copper 0.035 0.988

The second group of PCBs are 4 layer PCBs. They have 4 items copper layers and 3
items FR-4 layers. Their CAD models are shown in Figure 3.6 and Figure 3.7. Their

properties are given in Table 3.3 and Table 3.4.

Figure 3.6 : CAD model of 4-Layer PCB-001.

Table 3.3 : Model information of 4-Layer PCB-001.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.863
2 FR-4 0.260 0.986
3 Copper 0.035 0.914
4 FR-4 0.700 0.986
5 Copper 0.035 0.913
6 FR-4 0.260 0.968
7 Copper 0.035 0.914
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Figure 3.7 : CAD model of 4-Layer PCB-002.

Table 3.4 : Model information of 4-Layer PCB-002.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.147
2 FR-4 0.500 0.935
3 Copper 0.035 0.068
4 FR-4 0.440 0.935
5 Copper 0.035 0.839
6 FR-4 0.500 0.935
7 Copper 0.035 0.058

Third group of PCBs are 6 Layer PCBs. They have 6 items copper layers and 5 items
FR-4 layers. Their CAD models are shown in Figure 3.8 and Figure 3.9. Their properties
are given at Table 3.5 and Table 3.6.

Figure 3.8 : CAD model of 6-Layer PCB-001.
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Table 3.5 : Model information of 6-Layer PCB-001.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.844
2 FR-4 0.230 0.965
3 Copper 0.035 0.898
4 FR-4 0.230 0.965
5 Copper 0.035 0.920
6 FR-4 0.460 0.965
7 Copper 0.035 0.918
8 FR-4 0.230 0.965
9 Copper 0.035 0.889
10 FR-4 0.230 0.965
11 Copper 0.035 0.895

Figure 3.9 : CAD model of 6-Layer PCB-002.

Table 3.6 : Model information of 6-Layer PCB-002.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.893
2 FR-4 0.100 0.957
3 Copper 0.035 0.879
4 FR-4 0.100 0.957
5 Copper 0.035 0.892
6 FR-4 1.000 0.957
7 Copper 0.035 0.901
8 FR-4 0.100 0.957
9 Copper 0.035 0.873
10 FR-4 0.100 0.957
11 Copper 0.035 0.842

31



The final group of PCBs are 8 layer PCBs. They have 8 items copper layers and 7
items FR-4 layers. Their CAD models are shown in Figure 3.10 and Figure 3.11. Their
properties are given at Table 3.7 and Table 3.8.

Figure 3.10 : CAD model of 8-Layer PCB-001.

Table 3.7 : Model information of 8-Layer PCB-001.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.788
2 FR-4 0.107 0.937
3 Copper 0.018 0.822
4 FR-4 0.107 0.937
5 Copper 0.035 0.853
6 FR-4 0.071 0.937
7 Copper 0.018 0.121
8 FR-4 1.000 0.937
9 Copper 0.018 0.104
10 FR-4 0.071 0.937
11 Copper 0.035 0.853
12 FR-4 0.107 0.937
13 Copper 0.018 0.817
14 FR-4 0.107 0.937
15 Copper 0.035 0.795
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Figure 3.11 : CAD model of 8-Layer PCB-002.

Table 3.8 : Model information of §-Layer PCB-002.

Layer Number Material Thickness, mm Volume Fraction
1 Copper 0.035 0.915
2 FR-4 0.107 0.996
3 Copper 0.018 0.924
4 FR-4 0.107 0.996
5 Copper 0.035 0.908
6 FR-4 0.071 0.996
7 Copper 0.035 0.071
8 FR-4 0.720 0.996
9 Copper 0.035 0.030
10 FR-4 0.071 0.996
11 Copper 0.035 0.902
12 FR-4 0.107 0.996
13 Copper 0.018 0.914
14 FR-4 0.107 0.996
15 Copper 0.035 0.923

PCBs general dimensions are given at Table 3.9.

Table 3.9 : General dimensions of PCBs.

PCB Code Width, mm Length, mm Thickness, mm
2-Layer PCB-001 97.000 98.000 1.570
2-Layer PCB-002 87.000 327.500 1.570
4-Layer PCB-001 70.000 70.000 1.360
4-Layer PCB-002 87.000 92.700 1.580
6-Layer PCB-001 90.000 93.700 1.590
6-Layer PCB-002 93.000 93.700 1.610
8-Layer PCB-001 88.000 94.000 1.781
8-Layer PCB-002 72.000 99.000 1.534
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3.3 FEM Models of PCBs

In this section, FEM models are described. Firstly, the materials and properties are
defined. After this subsection, the boundary conditions and contact are described in the
next subsection. The mesh information section concludes the mesh models and their

quality for analysis according to the NASTRAN limits in the last subsection.

3.3.1 Materials and properties

Two materials, FR-4 and copper, are used to create all models [47]. All analysis models
are used same value of the materials. PCBs are modeled with using shells(2D). FR-4
material is defined as orthotropic material, and the defined properties of FR-4 are given
in Table 3.10 [47]. The copper material is defined as an isotropic material, and the

defined properties of copper are given in Table 3.11 [47].

Table 3.10 : FR-4 defined properties.

Property Item Quantity

p 1900.00 kg/m?
Ex 20400.00 MPa
Ey 18400.00 MPa
E, 15000.00 MPa
Gxy 9200.00 MPa
Gy, 8400.00 MPa
Gxz 6600.00 MPa
Vxy 0.11
Vyz 0.09
Vxz 0.14

Table 3.11 : Copper defined properties.

Property Item Quantity
p 8942.00 kg/m’
E 126000.00 MPa
G 46840.00 MPa
% 0.345
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3.3.2 Boundary conditions and contacts

Same boundary conditions are used for all models. All edges of PCBs are clamped.
This boundary condition is defined because the DQM code’s requirement for solving
modal frequency is that all edges of plate should be clamped. Contacts between layers
are defined as glue contact. They move totally together.

The boundary conditions of 2-layer PCB-001 and 2-layer PCB-002 are shown in Figure
3.12. 2-Layer PCBs contain one FR-4 layer and two copper layers, totally it is made
up three layers. The boundary conditions of 4-layer PCB-001 and 4-layer PCB-002

Figure 3.12 : Boundary conditions of 2-Layer PCBs.

are shown in Figure 3.13. 4-Layer PCBs contain three FR-4 layers and four copper

layers, totally it is made up seven layers. The boundary conditions of 6-layer PCB-001

Figure 3.13 : Boundary conditions of 4-Layer PCBs.

and 6-layer PCB-002 are shown in Figure 3.14. 6-Layer PCBs contain five FR-4 layers

and six copper layers, totally it is made up eleven layers. The boundary conditions of

Figure 3.14 : Boundary conditions of 6-Layer PCBs.

8-layer PCB-001 and 8-layer PCB-002 are shown in Figure 3.15. 8-Layer PCBs contain

seven FR-4 layers and eight copper layers, and are made up of fifteen layers.
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Figure 3.15 : Boundary conditions of 8-Layer PCBs.

3.3.3 Mesh information

Eight models’ mesh are represented in this section. Figures show mesh with two
perspectives. The one in which all of the PCB is shown, other one is focused somewhere
on the surface. All of the models except 4-layer PCB-001 model are meshed with using
tria elements. The 4-layer PCB-001 model is configured hybrid with tria and quad
elements.

The final model of the 2-layer PCB-001 model (mesh size: 0.50 mm) is meshed with
98296 tria elements. The mesh model information is shown in Table 3.12 and its visual

is shown in Figure 3.16.

Table 3.12 : 2-Layer PCB-001’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 1204 Max=29.191139 5
Skew Angle 1004 Min=2.2663233 10
Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=0.00070767989 -
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Figure 3.16 : Mesh figure of 2-layer PCB-001 model.

The final model of the 2-layer PCB-002 model (mesh size: 0.25 mm) is meshed with
2674982 tria elements. The mesh model information is shown in Table 3.13 and its

visual is shown in Figure 3.17.

Table 3.13 : 2-Layer PCB-002’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 1193 Max=1E+10 5
Skew Angle 1126 Min=0.015001139 10
Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=4.2561442E-07 -

Figure 3.17 : Mesh figure of 2-layer PCB-002 model.
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The final model of the 4-layer PCB-001 model (mesh size: 0.25 mm) is meshed with
15930 tria and 429604 quad elements, totally 445534 elements. The mesh model

information is shown in Table 3.14 and its visual is shown in Figure 3.18.

Table 3.14 : 4-Layer PCB-001’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 100 Max=10.394914 5
Skew Angle 0 Min=11.116948 30
Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=7.4496489 -
Jacobian Zero 0 Min=0.0011810388 -
Taper 453 Max=0.76330376 0.5
Warp Angle 0 Max=0. 0.05

Figure 3.18 : Mesh figure of 4-layer PCB-001 model.

The final model of the 4-layer PCB-002 model (mesh size: 0.25 mm) is meshed with

1025566 tria elements. The mesh model information is shown in Table 3.15 and its

visual is shown in Figure 3.19.
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Table 3.15 : 4-Layer PCB-002’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 76 Max=14.111297 5
Skew Angle 46 Min=4.7177963 10
Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=0.0023775399 -

Figure 3.19 : Mesh figure of 4-layer PCB-002 model.

The final model of the 6-layer PCB-001 model (mesh size: 0.25 mm) is meshed with
2781861 tria elements. The mesh model information is shown in Table 3.16 and its

visual is shown in Figure 3.20.

Table 3.16 : 6-Layer PCB-001’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 4165 Max=86.538559 5
Skew Angle 2239 Min=0.76422298 10

Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=0.00017426652 -
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Figure 3.20 : Mesh figure of 6-layer PCB-001 model.

The final model of the 6-layer PCB-002 model (mesh size: 0.25 mm) is meshed with
2846523 tria elements. The mesh model information is shown in Table 3.17 and its

visual is shown in Figure 3.21.

Table 3.17 : 6-Layer PCB-002’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 2093 Max=42.872265 5
Skew Angle 1094 Min=1.5715505 10

Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=0.00035483204 -

Figure 3.21 : Mesh figure of 6-layer PCB-002 model.
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The final model of the 8-layer PCB-001 model (mesh size: 0.50 mm) is meshed with
1851163 tria elements. The mesh model information is shown in Table 3.18 and its

visual is shown in Figure 3.22.

Table 3.18 : 8-Layer PCB-001’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 276 Max=86.094185 5
Skew Angle 157 Min=0.76816118 10
Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=0.00064299442 -

Figure 3.22 : Mesh figure of 8-layer PCB-001 model.

The final model of the 8-layer PCB-002 model (mesh size: 0.50 mm) is meshed with
835982 tria elements. The mesh model information is shown in Table 3.19 and its visual

is shown in Figure 3.23.

Table 3.19 : 8-Layer PCB-002’s mesh properties information.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 1967 Max=226.79768 5
Skew Angle 970 Min=0.29176819 10
Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=1. -
Jacobian Zero 0 Min=0.00018080747 -
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Figure 3.23 : Mesh figure of 8-layer PCB-002 model.
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4. EQUIVALENT MATERIAL MODEL

An equivalent material model is proposed from study of Tognana et. al. [48]. Four
material models are examined on this study. Those material models are Halpin-Tsai,
mixture law, Foam, and Mori Tanaka. Halpin-Tsai, Foam and Mori Tanaka’s models
were good fitted. The Foam model is based on densities. The Mori-Tanaka is more
complex model. In conrast, the mixture law was a poor fit. The Halpin-Tsai model
was good fitted with experimental data. The Halpin-Tsai equation generalized by
Kerner [49], the foam model, and the Mori-Tanaka method work well because they
consider the material’s composite nature and internal structure. The mixture law,
however, fails because it oversimplifies the material properties, ignoring the effects of
the internal infill. The study is based for 3D printed models.

In this study, the proposed models of Halpin-Tsai and Mixture Law models are adapted
according to volume fractions of the PCB’s layers.

Before equation adaptation, the study is used the Halpin-Tsai approach by generalized

form by Kerner. The equations is started by:

1+CB
E = EMM 4.1)
1 -By
where C and B are fitting parameters, and B can be calculated as:
Ey _
Eym
B= (4.2)
E
B T C

Void elasticity modulus is defined by Ey. And It is equal to 0 and it makes B= —1/C.

Ejy is the modulus of the matrix, and the parameter y can be estimated from:

1—oyp
i

where ¢y is the maximum packing fraction and will be considered equal to 1, then

y=1+

¢ 4.3)

v = 1. Therefore, equation 4.1 becomes:

E=Ey <ﬂ> (4.4)
[_¢

C
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Where ¢ is equal to 1 —vy. v is defined volume fraction of the layer. Equation 4.4

E,n—E|—f{ (4.5)
eq ]—Vf :

The mixture law is defined as Voigt model and it is rational with volume fraction. It is

defined as:

becomes:

E=Ey(1—9) (4.6)

and it becomes after vy =1 — ¢ as:
E.=Evy 4.7)

The Halpin-Tsai model is defined on equation 4.5 and the Voigt model is defined on

equation 4.7.
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S. MATHEMATICAL MODEL OF PCBs

The PCBs are modeled as multilayered sandwich plates. The plates are assumed
incompressible and in-plane and transverse shear strains together with in-plane normal
strains will be considered in the formulation. Layers are assumed to be perfectly bonded

to each other, and linear analyzes are performed. The geometry and the deformations of

the n-layered sandwich plate are depicted in Figure 5.1 and 5.2.

1

P/

hﬂ
hoa L
h I .

h;

Figure 5.1 : Configuration of PCB, dimensions and the coordinate system.

The kinematic relations are:
&
Uk(xayazat) = uk(x,y,t) + h_k [uk+1(x7y7t) _uk(x7yat)]

k
Z hk=1,2,....n S.D
Vk(xayazat) = Vk(X,y,f) + h_k [Vk-l-l(x?yat) - Vk(X,y,f)]
Wk(x7yaz7t) = w(x,y,t)
where, Uy, Vi and Wj, are displacement field through £’th layer in x, y and z directions

respectively.
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Figure 5.2 : Deformations of the layers.

The strain displacement relations are:

K du N 2 <3uk+1 y 9uk)

€

T ox U\ dx  ox

L L

Poody I\ dy  dy
1 0

’)é;:h—k(ukﬂ—uk)—i—a—;v 7k:1727 1
1 ow

%= . (Vi1 — vie) + Ee

duy Z* (8uk+1 8uk>+8vk * (8vk+1 8vk>

=0 T oy oy )T T ax ax

(5.2)
The stress-strain relations for the isotropic copper and orthotropic FR-4 layers are

presented, respectively, as follows:

G);]ix 1L w 0 0 0 e);’}
T - 0 0 L0 0 X k=1,3,....n
)I?’ (1 —V%> 2 T Xy ’ 1~y ’
d 0 0 0 5 0 yy’;
i 0 0 0 0 L e

(5.3)
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Where E is the modulus of elasticity and v is the Poisson’s ratio. For the orthotropic

FR-4 layers, we have:

o{x Q’gl ng Qg(, 0 0 e%
G%y 0 12 Q}zz Q%6 0 0 Eyy
T o= Qs O O 0 0 T k=24....n—1 (54)
T)Ifz 0 0 0 Q§4 QﬁS y)]fz
T)Ifz 0 0 0 Qﬁs ngs %J&

where, Q,(,lf,), are the transformed stiffness coefficients for the k’th layer that can be
expressed in terms of the lamina stiffness coefficients in principal material coordinates

as follows:
0%, = 0} cos* G +2 (Q’fz + 2Q’g6> sin? 6 cos? 6 + 0%, sin” O
ok, = (Qlfl + 05— 4ng6> sin” 6 cos” 6 + Q1 (sin* 6 + cos” 6y )
05, = 0} sin® 6, +2 (Qlfz + 2Q’é6> sin? 6y cos” 6 + 05, cos” 6,
Q_]f6 = (Qlﬁ — Q]fz — 2Q’§6> sing cos’ O + <Q]f2 - 05+ 2Q§6> sin’ 6 cos 6,
0 = (Q’f N 2Q§6) sin’ 6, cos 6 + (Q’;2 — 0k, + 2Q§6) sin O cos> 6, (5.5)
O = (Qlfl + 05, —20%, - 2Q’g6> sin” 6 cos” 6 + Qfs (sin* 6 + cos* 6 )
Ok, = 04, cos? 6, + Q% sin® 6,
Q_]is = (Q]§5 — Q§4) cos O sin O
0% = 085 cos® O + Quysin® 6
where, 6 is the angle of lamination of the k’th layer and Q% = are related to the
engineering constants as follows:

Ek
ko 1 k
OH=——"",0n=

I —viavy

k k
vioE k E k k
2 sz_ 2 1;Q66:G12;Q44:G23;

_m e
I —viavy I —vionm

Eby

k V12

Qss = Gi3,v21 = 7
I

Hamilton’s principle that will be used in deriving governing equations can be represented

in the following general form:

t 27 N
/2 [/pa—;‘.sﬁdx/— (/ pf.5ﬁdV+/ ?.SﬁdS—/G,jSSijdV>1dt:0 5.7)
n LJv' 9t % S, %

Where i is the vector of displacement field, p is the density, f is the vector of body

forces, 7 is the surface traction force vector, o; j are the stresses and €;; are the strains.
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Hamilton’s principle for the free vibrations of n-layered plate gives:

t h 2 2 2
IR R e SRR P
n k=1 t ¢

5 a
+/2 Z/ // 0' 68 +cr 58 v+ T 5;§y+1-§z3%1§z (5.8)
| fp=17/0 JO JO

el 8y ) ddtdyda] dr =0

That leads to:
) hy, 072uk K 92 Ups 7k 32uk & &
- — (9 —0 8
/tl [k 1/ / / |:( atz hk atz + hk atz ) < Uy + hk U1 + ]’lk I/lk)
%ve Py oty & &
- — o ) 8
i ( a2 Th o o ) ( Uk g OV T vk)

92w
+—5w} dzkdydx} dt

12
t duy, ( 8uk+1 8uk>:|
3—+ ) _ s %Mk
+/’1 k= 1/ / / { xx[ hi ox ox
avk < A avk)]
0—— 5
[ 3)’ hi dy dy

u au abt 8\/ 8v
k| g2k k+1 k k k+1
+k [‘Saﬁ k(a 4 5ay)+5ax+hk(5 %

J 9
_5%)} + T, { (6uk+1—6uk)+3a_w]

ow
+1; {h_k (6Vir1 —Ovg) + 5a—y] } dzkdydx} dr =0

(5.9)
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Integration by parts gives the governing equations and boundary conditions as follows:

1 Pup_y 1 9 uy
Ouy : —Pr—1hi—1—=—+ = (Pr—1hp— hy) ==
U 6Pk1kl 372 +3(Pk1k1+Pkk) 372
L P ONG oMb omi 90,

P T oy TTox  ax gy kT hendl

XZ XZ

—_—t = =X =0

+ dy dy he ey
1 82vk,1 1 82Vk
Sy : gPi-th1— 7=+ 3 (Pr—1hr—1 + prh) 2 (5.10)
k k k-1 k

+ lpkhk Vi) - Ny, Oy - I - 90y k=1 n+1

6 atz ay ay ay 8X 9 ge ey

ox ox /’lk hk,1

v Pw ¢ an;Z - aQ§Z
o £ G- £ 2 £ 2

k=1 k=1

k k—1 k k—1

where the section force and moment components are as follows:

k™ koo ARy " ko k ok

Nxx :/0 Gxde ;Nyy :/0 nydZ 7sz :/0 szdz 7Qyz
ko ko L
- /0 thd, ok, = /0 ot dz (5.11)
hy [ Sk hy [/ Sk hi [ ok

ko _ 2 k gk ek _ 2 k gk pk _ 2 k g k

Mxx—/o (h_k> Oydz »Myy—/o <h_k) Oyydz", Ty —/0 (h_k) Tyydz

Note that py, i, NX, N;‘y, Q)IEZ, Q’y‘z, ok, MK, M;‘y and Y;I‘y are equal to zero for k = 0

and k = n+ 1. In addition, open form of section forces and moments in equation 5.11

are as follows:
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For copper layers (k=1, 3, .

B Ekhk {&tk aMk+1 (%+ 9Vk+1)}
(1-v2) Yk dy dy
Ekhk 9vk aVk+1 Juy N iy |
1 _Vk Y\ o ox
Ekhk 9uk 3uk+1 3Vk Vit 1
+
(1+vg) 3x ox
VT
Or = 51 vy i et~ 5 512
k Ek]’lk i (v . ) . a_W .
YT 2 (T4vy) [k TP )y
x Exhi  [duy | duyyy IV Vit
M= 6(1 —v%) dx +2 dx "\ 9 +2 dy
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For FR-4 layers (k=2, 4, ..., n-1):
1 = 8uk auk = 3Vk 8vk = 8uk 8uk
Nk = 3 [Q’fl (gjt “) + 0%, <—+ 1) + 0k 4+

ox dy dy dy dy
Vi | Vgt
Tox T ox )]

8uk auk+1 =k 8vk 8vk+1 =k 3uk 8uk+1
+— )+Q22 8y+ Iy + 0 8y+ Jy

kL [ sk ((Quk | dukia s (Ve | 9V ~c ((Oux | Oy

Qy 2hk [Qm( x+ dx 2 8y+ dy Qe 8y+ dy
vk | IVt

Tox T ox )]

d _ ow
hka_ - Vk+Vk+1) + 0k (hkg - Mk+uk+1)

_ 0 - d
0y, = Oly I — vt vt ) + Ofs (o — g+ g
d ox
d

y
1 = &uk 8uk 1 = 8vk 8vk 1 = 8uk 8uk 1
Mk = Zp | ok, [ ZHE o PUkt k[ 9Vk 4 5OVt k(O | Otk
R Qll(&x + dx 01 dy + dy Qg dy * dy
I Vi+1
ol
3 Ix
1 = 8uk 8uk 1 8Vk 8vk 1 = 8uk 8uk 1
Mk = 2n | ok o P+ k 2 PVt o Ukt
w76 k |:Q12 ( ) + ox + 07 Jy + ) + 02 ) Jy
vk Vit
—+2
+8x+ dx
1 ~ 8uk &uk 1 = 8vk 8vk 1 al/lk 8uk 1
Tk Zh k 2 + k L) + k 2 +
Y6 k |:Q16 ( 0 + 0 0% dy + 0 Os6 0 dy
vk Vit
—+2
+8x dx
(5.13)
And the boundary conditions are:
(Ve ~ M+ MET) S| =0
NE ki sl =0
(yy— w My, ) vk‘y_o_
(05 =T+ 1" Sl _ =
Z‘ k=1,2,....n+1 (5.14)
k k k—1
(h—Ty+ 75" u_ =0
k
O], =
b
k
ow| =0
Oydw|
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In total, we have 2n+3 equations as presented in equation 5.10 and 2n+3 dependent
variables.

The purpose of this study is to obtain accurate natural frequencies of PCBs without
using detailed models that require lots of computational effort. There are voids inside
layers of PCBs and current approach depends on homogenization of elastic properties
of layers using Halpin Tsai model [48]. Also, Chapter 4 explains the derivation of the
elastic properties equations. Therefore, elastic properties of copper and FR-4 layers

will be assumed in the following form:

v
Ek:%vszwppe, k=1,3....n (5.15)
f
copper
k k
v v
k S k S
E = TVI;EI,FR—4 and E; = Tv,}Ez,FR—zt k=24....n—1 (5.16)
CFR;4 CFR74

Note that the Poisson’s ratio is assumed independent of the volume fraction for both

copper and FR-4 layers.

Assuming harmonic vibrations of the PCBs, the displacements are:
wi(x,y,1) = g (x, y) "
vi(x,y,1) = e (x,y)e'®  k=1,2,....n (5.17)
w(x,y,1) = w(x,y)e'”

Then, the governing equations become:

Nk oMb om0k oty otk
dox dx dx dy dy dy

hi  hiy

1
o’ {gpk—lhk—lﬁk—l k=1,...,n+1

1 1
+3 (Pr—1hi—1 + prch) g + gpkhkﬂkﬂ]
k k k—1 k k k—1
_INy n oMy, OMy, " IOy, n dTy ITy
dy dy dy dx dx dx
9 90
h ey

(5.18)
1
o’ {gpk—lhk—lﬁk—l hk=1,...,n+1

1 1
+3 (Pr—1hi—1 + Prhi) Vi + gpkhkﬁk+l}

n an;Z n 8Q§Z_ s n .
B ox dy -9 Z’lp"hk v

k=1 k=1
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6. DIFFERENTIAL QUADRATURE METHOD AND MODELS

In this chapter, the Differential Quadrature Method (DQM) is explained, and the models

utilized are presented.

6.1 Method

The governing differential equation system presented in equation 5.18 is discretized by
the differential quadrature method. This method depends on Lagrange interpolating
polynomials and the partial derivatives of a function f(x,y) with respect to spatial

coordinates are represented as a weighted sum of function points:

81’f(x yi) ivlcp)f(x yi) (6.1)
—=(xi,yj) = ; Y] :
OxP j P k j

J" M

8]: 17)’] Z xzaym (6.2)

where, N and M are the number of grid points in x and y directions respectively and
cix and dj,, are weighting coefficients are calculated for the first order derivatives as

follows [50]:

70/
) M) fori#kandik=1,2,...,N
Ci’ = (o —2x )M (xy.) (6.3)

YN e fori=kandik=1.2,...,N

7D (5.
My (yl) forj;émandj,m: 1’27,..,M

dﬁ-,ln) =< (ym)" () (6.4)
ModY forj=mand jm=1.2,... .M
With
_ N M
My(x) =[] (x—x,) and My(y) = [T (v —»s) (6.5)
s=1 s=1
And
N M
= JI Gi—x) andM = I OGi—) (6.6)
S:1,S7él ;:1757@
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For higher order coefficients we have:

(p=1)
) p(c(.p_l)cl(,:)—”‘ ) fori£kandi,k=1,2,....N

il = ' o 6.7)
_Zs 1,s#4i € zs) fori=kandi,k=1,2,....N
r d(ril)d(l)—ﬁ for j#£mand jym=1,2,....M

d](;z = JJ Jjm Yi—Ym J Jom=1,2,..., (68)
_ZS 1,s#i js) fOrjzmandj,mZLZ,...,M

It is well known that a grid distribution denser on the boundaries give much better
results compared to an equispaced distribution, therefore, the Chebyshev-Gauss-Lobatto

distribution will be used to determine the grid points:

i—1 )
xiza{l—cos (N—ljz:)]’ i=1,2,....N (6.9)
b1 /=1, i=1,2,....M (6.10)
e —cos = .
y] M—l 9 .] 9y~ 9

6.2 Models

In this section, DQM models which solved for optimization and validation are shown
following figures.

2-Layer PCB-001, 2-Layer PCB-002, 4-Layer PCB-001, and 4-Layer PCB-002 models
are used for optimization. And the Chebyshev-Gauss-Lobatto distribution are seen on
the grid data. Three of remained PCB models are used for validation. All dimensions
of PCB models are shown in Table 3.9. 2-Layer PCB-001 model’s grid distribution is

shown in Figure 6.1.
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Figure 6.1 : Grid distribution of 2-Layer PCB-001 DQM model.

2-Layer PCB-002 model’s grid distribution is shown in Figure 6.2.

Figure 6.2 : Grid distribution of 2-Layer PCB-002 DQM model.

4-Layer PCB-001 model’s grid distribution is shown in Figure 6.3.

Figure 6.3 : Grid distribution of 4-Layer PCB-001 DQM model.

55



4-Layer PCB-002 model’s grid distribution is shown in Figure 6.4.

Figure 6.4 : Grid distribution of 4-Layer PCB-002 DQM model.

6-Layer PCB-001 model’s grid distribution is shown in Figure 6.5.

Figure 6.5 : Grid distribution of 6-Layer PCB-001 DQM model.

6-Layer PCB-002 model’s grid distribution is shown in Figure 6.6.
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Figure 6.6 : Grid distribution of 6-Layer PCB-002 DQM model.

8-Layer PCB-001 model’s grid distribution is shown in Figure 6.7.

Figure 6.7 : Grid distribution of 8-Layer PCB-001 DQM model.

All edges are fixed for all models.
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7. OPTIMIZATION

The optimization problem is selected to minimize the sum of normalized root mean
squared deviation between DQM and FEM results for the first » number of modes

calculated for m number of different PCB models:

FEM,; DOM; \ 2
) m 1 n . J _ . J
mxmf: Z - Z ( d FEM; ) (7.1)
j=1 w

i=1 ;

And x is the vector of decision variables:

X = {CFR—47 Ccopper} (7.2)

Since there are only two parameters, the optimization problem is solved by brute force
approach. The objective function in equation 7.1 is solved for possible values of design
parameters in equation 7.2 and obtained plot is shown in Figure 7.1. The minimum value
of the objective function is found to be =0.103124 at Cpg_4 = oo and Ceppper=2.505
as indicated by a red dot in Figure 7.1. Variation of the material properties by volume
fraction of copper and FR-4 corresponding to these optimal parameters are presented in
Figure 7.2. On the other hand, Voigt model assumes a linear variation between elastic

properties and volume fraction as follows:
Ex = VEcoppers k=1,3,....n (7.3)

Ef =VSE\pr_s and E5=ViEypp4, k=2,4,....n—1 (7.4)

This model is a special case of the Halpin-Tsai model for C — . Actually, the
calculated optimal material coefficient Crr_4 = oo indicates that variation of FR-4
elastic properties obey Voigt model, nevertheless, the same thing does not apply to
copper.

The objective function using the Voigt model is calculated as f=0.108121, which is
~%35 larger compared to the result obtained with the Halpin-Tsai model (f=0.103124).
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8. RESULTS AND DISCUSSIONS

In this chapter, validation cases are shown. Detailed FEM analysis and equivalent model
analysis are compared. Equivalent model analyses were performed using the DQM for

several cases, while one analysis was conducted using FEA.

8.1 Results of Detailed FEM And Equivalent Model DQM Analyses

In this section, FEM analysis results and modified material models’ DQM analyses
results are represented. The mode shapes of the first six modes and their values are
given in Figures 8.1 to Figures 8.7.

The detailed solution of FEM analysis that contains different mesh sizes is shown in
Table 1 to Table 8 which defines the first six mode results. Each of the models has more
than one result. The mesh size of each model starts from 1.00 mm. The second mesh
size 1s 0.50 mm. If one more solution is needed, the third mesh size is 0.25 mm. Each
model solved a more precise mesh model until the average difference between mesh
sizes was less than 1.00%.

Results of FEM detailed modal analyses and DQM equivalent material model’s modal
analyses are represented in following figures. Results are included mode shapes and
their frequencies. Firstly, results of 2-Layer PCB-001, 2-Layer PCB-002, 4-Layer
PCB-001, and 4-Layer PCB-002 are represented in Figure 8.1, Figure 8.2, Figure 8.3,

Figure 8.4. Those are optimization cases results.
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Figure 8.1 : 2-Layer PCB-001’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 863.505 Hz. (b) 864.37 Hz. Second modes: (c)
1739.53 Hz. (d) 1722.83 Hz. Third modes: (e) 1777.97 Hz. (f) 1793.80 Hz. Forth

modes: (g) 2620.37 Hz. (h) 2595.41 Hz. Fifth modes: (i) 3100.15 Hz. (j) 3063.00 Hz.

Sixth modes: (k) 3202.06 Hz. (1) 3230.73 Hz.
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(a) * 15t Mode: 8876.11 Hz (b)_

Figure 8.2 : 2-Layer PCB-002’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 871.804 Hz. (b) 876.11 Hz. Second modes: (c)
930.042 Hz. (d) 934.45 Hz. Third modes: (¢) 1035.14 Hz. (f) 1039.78 Hz. Forth

modes: (g) 1199.64 Hz. (h) 1199.07 Hz. Fifth modes: (i) 1415.11 Hz. (j) 1416.35 Hz.

Sixth modes: (k) 1693.93 Hz. (1) 1692.65 Hz.
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(e) 31 Mode: 3675.87 Hz :

(g) 4% Mode: 5370.30 Hz (h):

(l) 15" Mode: 647366 Hz ()]

Figure 8.3 : 4-Layer PCB-001’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 1750.7 Hz. (b) 1802.99 Hz. Second modes: (c)
3544.71 Hz. (d) 3637.04 Hz. Third modes: (e) 3559.23 Hz. (f) 3675.87 Hz. Forth

modes: (g) 5232.86 Hz. (h) 5370.30 Hz. Fifth modes: (i) 6307.93 Hz. (j) 6473.66 Hz.

Sixth modes: (k) 6373.92 Hz. (1) 6562.90 Hz.
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(a) * 1% Mode: 1015.06 Hz (b)_

(C) : 2 Mode: 1955.72 Hz (d)j

Figure 8.4 : 4-Layer PCB-002’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 1092.74 Hz. (b) 1015.06 Hz. Second modes: (c)
2103.76 Hz. (d) 1955.72 Hz. Third modes: (e) 2302.00 Hz. (f) 2167.07 Hz. Forth

modes: (g) 3149.32 Hz. (h) 3040.90 Hz. Fifth modes: (i) 3693.22 Hz. (j) 3434.67 Hz.

Sixth modes: (k) 4186.68 Hz. (1) 3933.81 Hz.
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Results of validation cases those are 6-Layer PCB-001, 6-Layer PCB-002, and 8-Layer

PCB-001 are represented starting from Figure 8.5 to Figure 8.7.

Figure 8.5 : 6-Layer PCB-001’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 1183.16 Hz. (b) 1187.23 Hz. Second modes: (c)
2350.29 Hz. (d) 2338.09 Hz. Third modes: (e) 2442.99 Hz. (f) 2480.94 Hz. Forth

modes: (g) 3506.63 Hz. (h) 3542.94 Hz. Fifth modes: (i) 4154.38 Hz. (j) 4134.81 Hz.

Sixth modes: (k) 4380.51 Hz. (1) 4467.70 Hz.
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Figure 8.6 : 6-Layer PCB-002’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 1264.66 Hz. (b) 1267.74 Hz. Second modes: (c)
2539.58 Hz. (d) 2550.24 Hz. Third modes: (e) 2565.67 Hz. (f) 2593.49 Hz. Forth

modes: (g) 3703.36 Hz. (h) 3777.37 Hz. Fifth modes: (i) 4493.96 Hz. (j) 4537.37 Hz.

Sixth modes: (k) 4549.92 Hz. (1) 4636.73 Hz.
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(e) * 39 Mode: 3011.22 Hz ’ (f) :

(g) : 4% Mode: 4233.71 Hz ’ (h)j

Figure 8.7 : 8-Layer PCB-001’s detailed FEM and DQM analyses results mode shapes
and frequencies; First modes: (a) 1388.50 Hz. (b) 1423.49 Hz. Second modes: (c)
2550.81 Hz. (d) 2755.08 Hz. Third modes: (e) 2683.64 Hz. (f) 3011.22 Hz. Forth

modes: (g) 3571.24 Hz. (h) 4233.71 Hz. Fifth modes: (i) 4227.86 Hz. (j) 4837.39 Hz.

Sixth modes: (k) 4480.75 Hz. (1) 5432.39 Hz.
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Each model’s results of values are represented in Table 9 to 15.

8.2 8-Layer Model-002 PCB Validation via FEM Analysis

In this section, 8-Layer Model-002 PCB validate according to detailed FEM model

analysis.

8.2.1 Material and properties of validation model

The PCB modelled according to Table 8.1. All volume fractions are used to find
equivalent material model constant. All layers equivalent material properties divided by
un-voided Young’s Modulus are represented on the table at last column as E,;/E. These
constants are achieved by using their material constant that was found at optimization
section. E,,/E is calculated by using equation 4.5. It is explained at Chapter 4. The
average of the volume fraction is calculated as weighted according to thickness. It
is around 0.837. According to this constant values, mechanical elastic properties are

calculated and used elastic properties are represented at Table 17 and 18.

Table 8.1 : Equivalent Material information of §-Layer PCB-002 validation model.

Layer Number Material Thickness, mm Volume Fraction E,,;/E

1 Copper; 0.035 0.915 0.88
2 FR-4; 0.107 0.996 1.00
3 Coppers 0.018 0.924 0.90
4 FR-4, 0.107 0.996 1.00
5 Coppers 0.035 0.908 0.88
6 FR-4 0.071 0.996 1.00
7 Copper; 0.035 0.071 0.05
8 FR-4, 0.720 0.996 1.00
9 Copperg 0.035 0.030 0.02
10 FR-44 0.071 0.996 1.00
11 Coppery 0.035 0.902 0.87
12 FR-4; 0.107 0.996 1.00
13 Copper;3 0.018 0.914 0.88
14 FR-4, 0.107 0.996 1.00
15 Coppers 0.035 0.923 0.90
Average - - 0.837 -
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8.2.2 Boundary condition and contacts of validation model

All edges of the model are clamped. The boundary conditions is shown in Figure 8.8.

kmm aul
o =

Figure 8.8 : 8-Layer PCB-002’s validation case boundary condition model is shown.

8.2.3 Mesh information of 8-Layer PCB-002 validation model

The model (mesh size: 1.00 mm) is meshed with 81652 quad elements. The mesh

model information is shown in Table 8.2 and its visual is shown in Figure 8.9.

Figure 8.9 : 8-Layer PCB-002’s validation mesh model is shown.
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Table 8.2 : 8-Layer PCB-002’s validation case mesh properties information is shown.

Property Failed Quantity Worst Case Criteria
Aspect Ratio 0 Max=1.96 5
Skew Angle 0 Min=49.24 30

Normal Offset 0 Max=0. 0.15
Tangent Offset 0 Max=0. 0.15
Jacobian Ratio 0 Max=3.21 -
Jacobian Zero 0 Min=0.06 -
Taper 4 Max=0.52 0.5
Warp Angle 0 Max=0. 0.05

8.2.4 Result of 8-Layer PCB-002 validation model

The 8-Layer PCB-002 model’s two different material is compared. The first analysis
is a detailed FEM analysis. The second is a suggested equivalent model according to
Halpin-Tsai. The third one is Voigt model is generally used as a composite element.
All result values are shown in Table 16. Mode shapes and details of results of models

those are detailed model, and Halpin-Tsai equivalent model are shown in Figure 8.10.
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Figure 8.10 : 8-Layer PCB-002’s detailed FEM and Equivalent FEM analyses results
mode shapes and frequencies; First modes: (a) 2009.27 Hz. (b) 2025.09 Hz. Second
modes: (¢) 3009.02 Hz. (d) 3078.21 Hz. Third modes: (¢) 4646.37 Hz. (f) 4758.92 Hz.
Forth modes: (g) 4775.20 Hz. (h) 4922.30 Hz. Fifth modes: (i) 5446.04 Hz. (j)
5601.38 Hz. Sixth modes: (k) 7029.34 Hz. (1) 7296.58 Hz.
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8.3 Discussion

Eight PCBs’ results are represented in this chapter. All of them validation results
those are difference between FEA detailed analysis and equivalent model analysis are

represented in the graph in Figure 8.11.

Differences Between Detailed Model and Equivalent Model Results
30.00

25.00

. ].J...I. IJ.

Difference [%]

=
o
=3
=]

=3

First Mode [%)] Second Mode [%] Third Mode [%] Forth Mode [%] Flfth Mode [%] Sixth Mode [%)]
-5.00
Mod Number [#]
m 6-Layer PCB-001 - Halpin Tsai ® 6-Layer PCB-001 - Voigt m 6-Layer PCB-002 - Halpin Tsai ®m 6-Layer PCB-002 - Voigt
m 8-Layer PCB-001 - Halpin Tsai m 8-Layer PCB-001 - Voigt m 8-Layer PCB-002 - Halpin Tsai m 8-Layer PCB-002 - Voigt

Figure 8.11 : Differences of FEM detailed modal analysis and validation analysis
results with modeled equivalent material models.

Firstly, results show that equivalent material model is good representative for doing
analysis instead of use detailed model PCBs. Average of the difference between detailed
model and equivalent model is for all models 3.47%. This value is obtained for seven
PCBs. The last validation is done different from others for 8-Layer PCB-002 because
of its shape. Because of that, results comparing is separated from others. Its average
of difference between detailed and equivalent model that is based Halpin-Tsai model
1s 2.54%. The difference between the results of the detailed model and the equivalent
model is small compared to the time consumed in modeling. This provides a significant

advantage for modeling an equivalent PCB instead of a detailed model.
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9. CONCLUSIONS

The study suggests that equivalent models are a viable approach for FEA modeling of
PCBs. While it is crucial to consider the detailed geometry of PCBs in the analysis,
equivalent models offer a good balance, capturing the essential features for accurate
results while reducing computational time and cost compared to detailed models. In the
final validation case that was applied on the 8-Layer PCB-002 the equivalent material
model is used. It shows that the results of the detailed model and the equivalent model
have a small difference relative to the time saved. The maximum difference of the
Halpin-Tsai model is 3.80%, and its average difference is 2.54%. When all models
results are compared according to the Halpin-Tsai and Voigt models, the Halpin-Tsai
model is more accurate than the Voigt model, with their differences being around 3%
compared to detailed model. While the detailed model analysis of the 8-Layer PCB-002
took 28,695 seconds on a 24-CPU computer, the equivalent model analysis took 1,583
seconds on a 12-CPU computer. The consumed time decreased by approximately
94.48%.

According to the study, the elastic equivalent model can be used safely for FEA analysis.
Future work can begin with expanding the database for optimization. There are two
ways to expand the database. Firstly, more PCBs can be added to the database and
modeled on high-performance computers. Secondly, the natural frequencies of the
PCBs can be determined through testing and included in the database. Another area of
study is expanding the optimization data. The optimization process currently takes too

much time due to the high number of processes required to obtain results.
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