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Expertise:

Simulation driven co-design
= Virtual Design of experiment
= Material characterization and modeling
= Coupled multi-domain simulation
= Validation lab (warpage, stress and strain measurements)
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m Analytical tools - \/\ Msl;::::gtr;a:n

FEM VDoE - statistically very first prediction
based recommendation for Bill based on analytical Multi-scale - from system level Multi-domain - residual stresses,
of Materials and/or geometry calculation to failure in design element more accurate prediction
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-\ adaptiv.
thermo-mechanical behavior gap ot
Material modeling
Homogenization - consideration |}
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Material characterization - of the substrate’s ¢ N

detailed material layout g« ar -lf oo \

characterization and modeling <=

Validation
Wire bond
Reliability prognosis on
design element level

e «%}ﬁ}?ﬁiﬁ«mi

Fiber reinforced plastics — orlentatlon ——— —
S of the fibers in connectors
. First and mandatory step
for quantitative prediction

Cause/effect chain relationship through physics of failure simulation

Stress / strain —
lifetime modeling

Deformation —
CTE mismatch

[

Validation and verlflcatlon improves
understanding of the system behavior
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Before we start...

What is your name?

Where do you work?

What is your responsibility?

What are your expectations from this training?

How can | help you in your work?
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|IEEE Electronics Packaging Society (EPS)

Awards
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contributions to the profession, >~7,900 current members
industry & the Society through a * 24% in the Americas . .
comprehensive set of awards and °* 599%in Asia Technical Committees
. recognitions. * 17 % in Europe * Materials & Processes
Education * High Density Substrates & Boards
Rao Tummala 86 * Electrical Design, Modeling & Simulation
IEEE and the EPS offer a wide :s;':vg::rgd:za;:;7 Chapters e Thermal & Mechanical
range Of learning, career Fellowship 30 Unique * Emerging Technology

20 Joint * Nanotechnology

enhancement, and employment
’ p y Education, 36 Student . Power&Energy

opportunities within the

) . ) elearning, * RF & Thz Technologies
engineering sciences, research, and much Electronic * Photonics -- Communication, Sensing,
and other technology areas. more for Packaging Lighting
career Society S5 Technical e 3D/TSV
enhance- . Committees * Reliability
ment Overview Test/
Publications 650k Conferences
Trans/Conf EPS sponsors conferences around the
IEEE EPS Transactions on CPMT Downloads/yr 25 Conferences world. EPS Members can access EPS
EPS Newsletter - IEEE Electronics Packaging Society / Workshops '

conference proceedings and journal papers
for FREE through the EPS Digital Member
Library @ IEEE Xplore®

supported/year

“Emerging technologies—such as Al, 5G, edge, cloud, and data center,
g-:?s %L%cmsonacs autonomous vehicles and wearable technology hold great promise for
N\— SOCIETY improving the lives of individuals across the globe,” (HIR)
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1. Introduction

2. Material Selection and Key Influencing Mechanisms
3. EMC Material Characterization Essentials

4. From Material Data to Simulation Models

5. Summary and Key Takeaway

IEEE £ = Electronics
ELECTRONICS @ S system-Integration
PACKAGING T C Technology
SOCIETY < Conference

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026



@

Introduction

1. Introduction
2. Material Selection and Key Influencing Mechanisms

3. EMC Material Characterization Essentials
4. From Material Data to Simulation Models
5. Summary and Key Takeaway
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CONNECTIVITY AUTOMATION SHARING E LECTRIFCATION

NG
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Challenges in front of us

®

Traditiona-l Vehicle -

Autonomous Vehicle

Electric Vehicle -

Service Life 15|Years Service Life 15|Years Service Life 15(Years
Service time 131400|Hours Service time 131400|Hours Service time 131400|Hours
Driving 10000|Hours Driving 10000{Hours Driving - operating 100000|Hours
Parked-off 121400|Hours Charging - Stand by 30000({Hours Charging - Stand by 20000({Hours
Inhabited - Stand by 67000|Hours Parked-off 11400|Hours
Parked-off 24400(Hours
Source:

Fen Chen, Principal HW Reliability Engineer

Cruise LLC

PDC: Reliability Engineering Testing Methodology and Statistical Knowledge for Qualifications of
Consumer Electronic Products and Automotive Electronic Components

ECTC 2022

Electrification and autonomous driving — new use case scenarios
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What is harsh environment

Death Valley

36.53°N 116.93°W

Low humidity

High temp in Summer: >45°C
Low Temperature in Winter: <0

Stuttgart

47.78°N 9.18°E
Unlimited speed
Speed above 130km/h

Dubai

25.168°N 55.25°E
Tropical zone

High temperature
Severe sandstorms
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Yakutsk

62.035°N 129.675°E

Cold temp. Zone

Min Temp: -63°C in Winter

Beijing
39.32°N 116.346°E
Traffic jam

Khardong Pass Low speed below 40km/h

34.28°N 77.60°E
Kashmir Mountains
The highest road in the
world 5359 m
Singapore
1.32°N 103.85°E
Tropical zone
Salt wind all the year, R. Humidity > 90%
High temperature > 35°C
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What is failure mode and mechanism

* Failure mode: an event that causes * Failure mechanism: is a physical process of
functional failure materials’ degradation that leads to failure
* Solder joint crack = Solder joint crack
* During temperature cycling — low cycle fatigue — During temperature cycling — CTE mismatch of
(low strain rates, relatively large strains) materials

e During vibration test — high cycle fatigue (high

: : ; — During vibration test — mechanical fatigue due to
frequency, high strain rates, low strains)

bending

CTE =15 ppm/K
Although failure mode is the same mechanism of failure is different
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How to assess lifetime

M

= Data driven lifetime models: In-situ = Physics based lifetime models: Lifetime is based on

measurements and learn trends, derive decision known geometries, materials, loads, damage

based on historical data mechanism and failure criteria
R RUL PDF A
S prediction based G -
3| Failure at current time , c
| threshold /) g
[q] ,’ > o
£ PDFat £ =
o current time t
ﬁ\ A AW?P = _[a:)'t]".s_f.“o‘l
Current time Time Simulation
Transfer to another product is not possible Transfer to another product is possible
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Reliability vs. durability
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o Reliability: the proba bility that 3 = Durability: the length of the time that product will

product will perform its intended
function under operating

provide its intendent function under operating
conditions, such as the mean time to failure (MTTF)
or its equivalent, which represents the reliability of

conditions, for a specific period of nominal parts

time

Probability density

Characteristic

| life "\

Specific time, T

Durability

Reliability
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Simulation driven design
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Analytical tools -
very first prediction
based on analytical
calculation

FEM VDoE - statistically
based recommendation for Bill
of Materials and/or geometry

) 0 ey s

Qualitative reliability prognosis of

thermo-mechanical behavior
Material modeling
Homogenization — consideration

E, CTE, Tg...

Multi-scale — from system level
to failure in design element

Multi-domain
simulation

Multi-domain — residual stresses,
more accurate prediction

Thermal domain Structural domain

Temperature

Electric domain

Packaie

Design element

P

Wire bond
Reliability prognosis on
design element Ievel

Joule heat

Validation

Stress / strain —
lifetime modeling

Material characterization —  of the substrate’s jf .
detailed material 5‘“ -

characterization and modeling ol
ENfert ol et tem persiure sl . y -.
Fiber reinforced plastics — orientation
5 of the fibers in connectors
e=——_—  =.: Firstand mandatory step
for quantitative prediction

layout

———————

Warmalied Sirem [P
"

emperature -
thermal performance

lKWﬂ))}hﬁﬂ(«({ﬂH | petomston

== CTE mismatch

=]

mgv—_ﬁh—w’;
————————————

Validation and verification improves
understanding of the system behavior

Cause/effect chain relationship through physics of failure simulation

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026



Objectives

= Numerical simulation plays an important role in development process
of electronic components and systems.

= Accuracy of the numerical simulation strongly depends on input
provided in the FEM model.

= A material data sheet typically contains very limited amount of the
information.

= Material characterization is critical = this is the first but important
step towards accurate FEM simulation results.

The goal of this training is to give an overview of material
characterization and modelling of the epoxy based thermosets used in
semiconductor industry.
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Typical applications for epoxy-based thermosets
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Epoxy based thermosets

= Most materials are non-linear, all are temperature dependent,
some in addition time dependent

= Polymer materials require detailed characterization
= Properties depends on process conditions

= Shifting of T, and rubbery modulus to higher temperature

regime
= Curing shrinkage occurs during crosslinking. Chemical
shrinkage
: ' ' >
Tg1 T2 T.ore Temperature

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026
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Selection of materials

1. Introduction

2. Material Selection and Key Influencing Mechanisms
3. EMC Material Characterization Essentials

4. From Material Data to Simulation Models

5. Summary and Key Takeaway

How to properly select materials for semiconductor packaging and modules?
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Why do we need to know the stress state

* Materials have different thermal expansion, after applying temperature they expand by different length

10 ppm/K

gth = 1+ AT = 1000 [ppm]

17ppm/K

= A x AT = 1700 [ppm]

10 ppm/K
17ppm/K

gmech — o = E  gmech g=0

gmech — o = E x gmech og=0

* |f materials are joined = leads to warpage = mechanical strain exist—> stress

d
10 ppm/K m gMmech4( g = E x gmech o*0
17ppm/K gmech () o =Exgmech  g=0
0}
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Define parameters Select DoE plan
FEM modeling
Regression analysis Pareto effects

Virtual Design of Experiment

Robust design Reduce Shorten
development costs development time

Qualitative reliability prognosis at early design stage
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Qualitative reliability assessment
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Qualitative approach: Selection of the molding Quantitative approach: Investigation of the
compound stress state during active power cycling to
* Parameters: estimate risk of crack in molding compound
e CTE1, » Parameters:
e CTE2; » Ambient temperature;
e Tg; » Time of load;
* E; » Applied power;
e Curing shrinkage. » Cooling condition.
* E.g. Central composite faced plan. » D-optimal plan.
* Total 52 simulations: » Total 15 simulations:
* Linear elastic model; » Non-linear viscoelasticity;
* Passive temperature cycling. » Multi-domain.
Recommendation: at the concept phase Recommendation: at the later stage

Kick-off

"

Concept phase (Model only) - Qualification phase (Validated Model & Test) »
SOP
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Virtual DoE as a tool to select EMC

®

Understand the effect of the molding compound
on the stress and deformation in molded control
unit.

= Design of experiment.

= Sensitivity analysis.

= Parameter identification.

» Failure criteria for different

failure modes.

IEEE

ELECTRONICS @5 System-Integration

PACKAGING
SOCIETY

£ ™ Electronics

Technology
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Mold

= Recommendation at the early

design stage.

What influence the stress
Main parameter is Tg.

CTE and E are the second most important factor.

Minimize the stress and deformation state in the construction

LTCC
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What does influence stress and deformation state

= Parameters of molding compound (DoE parameters): Mold

= Coefficient of thermal expansion below glass transition Copper CTE1/ CTE2

= Coefficient of thermal expansion above glass transition
= Glass transition temperature Silicon

Electrically
conductive adhesive

Thermally
conductive adhesive

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026



Regression analysis
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FEM simulation:

= Deformation

= Stress & strain

= Energy
= Temperature

, 1),data,0.000012, 0.000035, 150, 18750,1.23

, 2),data,0.000012, 0.00003, 125, 18750,1.23

, 3),data,0.000012, 0.000035, 125, 18750,1.23

, 4),data,0.000015, 0.00004, 100, 12500,1.7

, 5),date,0.000012, 0.000035, 125, 124

, &),data,0.000008, 0.000035, 1254
-

Regression analysis

Response surface:
" y=by+b *A+b,*B+b,*A*B+b,* A2 +b, *B2+b, * A*B

Simulation results are used for the determination of the coefficients b, by, ...b

Response Graph
4 3e-05 21000 028 160

~

Response surface is used to calculate stress state for available EMCs

Predicted
le-05

Top warp. =
35pm 503

Bottom warp  sp

WANA

3tum 50 |
Tensile - : : :
L I x
Shear 50:5 =
ITMPa 5 = ‘Eﬂfs;e’é i i
T T T T T T T T T T T T T T
105 3g05 2000030000 02 O 120_ 160
ClE1  CTE2 ~ EA1 ISHRK T

A. Sasi, A. Yadur, P. Gromala, "Simulation driven design of novel integrated circuits -
Part 1: Selection of the materials based on the Virtual DoE," EuroSimE, 2015.
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How to use response surface —
stress in molding compound

Reduce the stress in molding compound

= What influence the stress in EMC:
= Main parameteris Tg
= CTE and E are the second most important factor

full model: CoP =

1 | I 1
INPUT: Shrink |

9 %

Coefficients of Prognosis (using MoP)
99 O/%
I

INPUT: CTE2 A
14 %

INPUT: CTE1 _
25 %

arameter
4 5

L]

INPUT: E1
28 %

2

l

INPUT

INPUT: Tqg _
35 %

1 1 1
20 40 60 80
CoP [%] of OUTPUT: EMC_S1[2]

o

®
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Mold

Linear correlation coefficient

ascending order
2 3 4
T T T

T I I I ] T

INPUT: Shrink

L

INPUT

&l

INPU

INPUT; CTE1

1 1 | 1
-0.75-0.5-0.25 0 0.25 0.5 0.75
Parameter vs. OUTPUT: EMC_S1[2]

LTCC

For particular construction EMC should have high Tg, low CTE and low modulus of elasticity
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stress in other parts
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Reduce the stress in the all other materials

LTCC

= What influence the stress:
= Tgis the most important parameter

= CTE plays second most important role.

= Modules of elasticity of molding compound doesn’t play
significant role. T~

For particular design EMC should have high Tg, low CTE

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026
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Heterogenous integration in automotive

. Lid TIM (adhesive)  Solder bumps
Silicon

Active+RDL Sensor

Die attach

Adhesive =——u

High density Organic substrate
build up film /
Wire bonds Solder Underfill /
balls Undermold

Understanding thermo-mechanical behavior of advanced GPU during active operation

M. Hager, P. Gromala, B. Wunderle and S. Rzepka, "Affordable and Safe High Performance Vehicle Computers with Ultra-Fast On-Board Ethernet for
Automated Driving" in Advanced Microsystems for Automotive Applications 2018. AMAA 2018. Lecture Notes in Mobility, Cham:Springer, 2019.
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Thermal chip Power SiP Characterization Validation

Layout image

Fabricated chip image

P e e e
ospe o o -
e -
2 : o T
5 7 B CRESEE G £
; i €
: - = —fers 8
H-- st e Baeitiy s )
T L] S8 e o A ‘
EoSe SRp Re SRR oy B g &
- £ o
ey e
3
2 E
2 428 ar TR

e -

- e |
NSNS

— .‘.‘

Fabricated cell image Processed Silicon Wafer

] . INTERFLUX * ‘é E ? i
TUDelft l1.|1 e c @ ELECTRONICS BOSCH M/, \%'Zim::tfzfﬁ{echanik GmbH

Delft University of Technology
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How simulation helps?
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Building FEM parametric model

Virtual DoE — select materials

Material characterization and modeling
Validation of FEM model

Physics of failure simulations

“ - < 2 - - - -

In future: R Ry

R e Lt T TS
= Digital twin PR A T e

= Prognostics and health managements SRR R

\

~ Fraunhofer

ENAS
B. Vandevelde, C. Nawghane, R. Dudek, R. Déring, J. Schindele and P. Gromala, "Exchanging Thermo-Mechanical Simulation Models

independent on FEM Software Platform," 2022 23rd International Conference on Thermal, Mechanical and Multi-Physics Simulation and
Experiments in Microelectronics and Microsystems (EuroSimE), 2022, pp. 1-7, doi: 10.1109/EuroSimE54907.2022.9758850.
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= |nput variables for the virtual DOE with varied Tg, CTE

and elastic modulus Interposer build-up film: EO

. ) i . Interposer build-up film: CTE
= Qutput variable: maximal equivalent strain that occurs

in the BGA of level 2 interconnects (solder balls) Interposer Core: CTE

Interposer Core: EQ
TIM1: log({EQ)
Soldermask: CTE2

= Dominating influence on the solder ball strain:
interposer construction

= Max. influence: interposer build-up film

TIMI:
CTE=100..200 ppm/K
EQ = 5.. 10000 MPa

UF1:
CTE;=12..50 ppm/K —

0.06
0.012

E, = 5500..25000 MPa /
Tg = 70..150°C /

< homogenized with
20% solder

0.01 | 0.04

/" 0.008
IP-Soldermask: &
CTE,=30..60ppnyK
E, = 1000 .. 5000 MPa
T,#90°C..150°C

Solder:

0.02

0.006

[ww] a8ediepm

RO - . :.'.-'M? = o
Yz. :,,. -‘.‘.. :_.:. ::'... ®

0.004 1

Maximal Solder Ball Strain [m/m]

0.002

CTE=22 ppnVK
E, = 46000 MPa

7 8

| «Q\Q Gy, 107, | -0.02
0.5 p 40 Q0 ;
1 15 2 55 35 30 C‘%\?

102
ibuf: EQ [1e4-MPy) _\““\-. Yy

10°
TIM1: EO MP

R. Dudek, R. Déring, S. Rzepka, P. Gromala, J. Schindele and B. Vandevelde, "Studies on Thermo-Mechanical Reliability of High Performance
Vehicle Computers Based on a Mock-up System," 2021 22nd International Conference on Thermal, Mechanical and Multi-Physics Simulation and
Experiments in Microelectronics and Microsystems (EuroSimE), 2021, pp. 1-12, doi: 10.1109/EuroSimE52062.2021.9410854.
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= Thermal deformation investigation of cross sections

Non-cycled
after 3. cycle

Q2
7]
>
Q
-
e
[
&
©

after 2. cycle
after 5. cycle

R .
Chemnitzer
L/ Werkstoffmechanik GmbH
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Lifetime modeling

= Simulation can be predictable
= Geometry
= Cross-section, X-Ray, CT...
Materials

= Visco-elasticity, visco-plasticity, rate
independent plasticity, aging, interfaces...

Loading and boundary conditions

= Assembly, coupled domain, inhomogeneous
temperature distribution...

Evaluation criteria
= Stress, strain, energy, work...
Standardization

= Element type, Load steps, SW tools...

= Simulation provide recommendation for robust design

22 °
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o 23°C

45 [——100°C
pre 120°C
40 pe 150°C
_. 35
£
e
ﬁ g
g e e
154
10 4
54
0 T T T
0 500 1000 1500
Time (s)

Soldering flip chip Underfilling iForce sensor Bonding Lid attachment  Balling Soldering Power SiP 2L underfil!ing /
and interposer attachement undermolding

170 °C 130 °C 130 °C “245
200 °C

(low melting
solder)

(SAC)

==
7 Fraunhofer
ENAS
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virtual DoE — summary

= Virtual DoE - significantly accelerate the design process = lower development
costs

= Selection of the molding compound can be supported by numerical simulation.

= Specific applications e.g. LTCC, PCB or DBC substrate require different molding
compound =2 required properties can be defined before first prototype is

manufactured
= Because selection of molding compound is done by process engineers = results of Einal
virtual DoE should be available in easy to use tool, e.g. in Excel recommendation

Stress
4

Virtual DoE provides qualitatively reliability prognosis
before the first prototype is manufactured.

' Tem'pera.ture.
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Material characterization

1. Introduction

2. Material Selection and Key Influencing Mechanisms

3. EMC Material Characterization Essentials
1. Curing Shrinkage
2. Coefficient of thermal expansion
3. Modulus of Elasticity
4. Bulk Modulus

4. From Material Data to Simulation Models
5. Summary and Key Takeaway

What do we need to quantitatively model material behavior?
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Curing shrinkage

= Curing shrinkage happens during polymerization process of
epoxy based thermosets

Gelation point
= Curing shrinkage causes: 1
= volumetric shrinkage = change of deformation é
o L e 0.8 -
» Modulus of elasticity increases with time = stresses &E
06
3 T I '
. : =504 J
= Change of the deformation and stress build up happens " 2 |
only after gelation point E 02, |
o= I
E ﬂ - T T 1
= 0 500 1000 1500 2000
Time [s]
e CUFNE shrinkage = Rubbery modulus

From thermo-mechanical point of view, only shrinkage after gelation point is important
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Mold shrinkage — what can we get from supplier

Change of the length caused by curing

shrinkage - | .
Sample size at process temperature (e.g. Sample size at room temperature, after Sample size at the same
Transfer molding) post mold cure temperature as process temperatuge

]

Initial size of the cavity before material Change of the length caused by curing Change of the length caused by curing
starts to shrink shrinkage and thermal expansion (total): I re=lo-15

Mold shrinkage (ASTM D2566) = relative change of sample length in respect to mold dimension

* ASTM. Standard test method for linear shrinkage of cured thermosetting casting resins during cure. ASTM D2566-79.
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Existing Techniques for Curing Shrinkage
Measurement

@

= The routinely practiced technique for the chemical
shrinkage measurement is the dilatometer [1], which
measures the total chemical shrinkage. o

Heating
Cure

= The bi-material strip can be used to measured the total 5H " Conting
effective shrinkage [2]; although the stress state can be
measured directly, the results cannot be used to predict the
residual stresses of the actual packaged devices.

v [cm3/g)

0.69 %
thermocouple

= An FBG-based method was developed to measure the 1 L] sample cet
effective chemical shrinkage [3]. .-pM/FJ sample
Or 1 confining liquid
= Pjezoresistive stress sensor ) SR high pressure vessel

200 30 40 50 B0 70 80 90 100 110
T(C]

bellows
heater
LVDT
silicone oil
pump

1. Y.-S. Chang, S.-J. Hwang, H.-H. Lee, and D.-Y. Huang, "Study of PVTC Relation of EMC," 2002.

2. W. Zhu, G. Li, W. Sun, F. Che, A. Sun, C. Wang, H. Tan, B. Zhao, and N. Chin, "Cure shrinkage characterization and its implementation into correlation of warpage between

simulation and measurement," 2007.
3. Y. Sun, B. Han, E. Parsa and A. Dasgupta, “Measurement of Effective Chemical Shrinkage and Equilibrium Modulus of Silicone Elastomer Used in Potted Electronic System,”
Journal of Materials Science, Vol. 49, No. 24, pp. 8301-8310 (2014).

4. K. M. B. Jansen, M. Hawryluk, P. Gromala, “Cure dependent characterisation of moulding compounds”, Proceedings of the 2011 12th International Conference on Thermal,
Mechanical and Multi-Physics Simulation and Experiments in Microelectronics and Microsystems (EuroSimE), Linz, Austria, 18-20 April, 2011.
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FBG as an Optical Strain Gauge

= When a polymer is cured around a fiber, the FBG is
compressed axially as the polymer shrinks; the FBG acts
like an optical strain gauge — the Bragg wavelength
changes with the pitch of this grating.

= This can be directly used to measure the strain during
the evolution of chemical shrinkage and elastic
modulus. The governing equation for the wavelength
change:

E, : Modulus at a given instant

e : Radius ratio of polymer to fiber
Alp =F(Es,ﬂ,ecflf) B poly

ef{lf : Effective chemical shrinkage

1
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EF’- ELECTRONICS & S system-Integration

=) PACKAGING Technology

N—/ SOCIETY I-I:ps(:-l Conference

-_____________

o

F‘

Before
curing

Power (dBm)

-20 1

.25

-30

-35 4

40

45

-50 4

-55
1545

After curing

Change in grating
pitch during curing

T
1546

T T 1
1547 1548 1549 1550 1551

Wavelength (nm)
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How to Measure Effective Chemical Shrinkage using
FBG?

®

________________________

= A polymer of interest is cured around a glass FBG and the
BW shift is documented while curing progresses.

____________________
nnnnnnnnnnnnnn

Ay ST X’ """"""
After shrinkage

Before shrinkage

5
h 7 Curing
-50 4 dE -
55 ; ; : T ) <
1545 1546 1547 1548 1549 1550 1551 1552 ”n
Wavelength (nm) ; i
m
The effective chemical shrinkage can be calculated by the governing equation:
— eﬁ T T T T T T
ﬂ’B _F(Eoo’ﬂ)g Time

The material properties can be inversely calculated from the measured “deformation” induced BW shift
based on the analytical relationship between BW shift and material properties.
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Preparation of EMC Specimen

EMC pellet with a fiber placed at The plunger placed right on /&
the center of the mold the specimen ‘)’

Bottom mold Air cylinder

Plunger |

Side mold
Fiber

Y. Sun, H.-S. Lee, and B. Han, “Measurement of Elastic Properties of Epoxy Molding Compound by Single Cylindrical
Configuration with Embedded Fiber Bragg Grating Sensor,” Experimental Mechanics, Vol. 57, pp. 313-324, (2017).
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Fabricated EMC Specimen

Pressure regulator Cured specimen

) Gas pipe @

—

Pressure
source

] Air cylinder

Plunger

Mold

Cross F 2\

sectlon ’

EMC

PC specimen

Heater

N\

interrogator
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Results of Effective Chemical Shrinkage
Measurements of EMC

» The measurement was made at 125° C to ensure the condition of
“infinite configuration”.

= The pressure was removed before EMC reached the gel point.

A BW (pm)

-550

T T T T T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 0.7 08 09 1.0
Effective time after the gel point

microstrain

—
00 0

A

—T .+ T T L L
02 03 04 05 06 07 08 09 1.0
Effective time after the gel point
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Pneumatic cylinder

Cylinder hol

Mold

I ——Fiber ==\ S

W~ Hot Plate Sealing plates
To FBG interrogator

C. Kim, S. Phansalkar, H.-S. Lee, and B. Han, “Mold Shrinkage, Chemical Shrinkage or Both?,” Proceedings of 2019 IEEE
69th Electronic Components and Technology Conference, Las Vegas, NV, May 29 - 31, 2019.
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Validation — fringe pattern technique

Heating Length Width Thickness

ﬁﬁ@element [mm] [mm] [mm]

Thermocouple\\
RRRNN
N .
NEEEE Electronic Sample 1 EMC: 2.0 mm
Tecrﬂgui%l:re v unt (reference) >0 ? Cu: 0.4 mm

—_  ——__——__ Heating

element EMC: 0.6 mm
Sample 2 50 9 J
P Cu: 0.4 mm
Warpage < 0
When warpage is negative EM C: O 6 mm
Warpage > 0 Sample 3 50 9 .
. When warpage is positive Cu- 02 mm
Seating
____________ plane " =

P. Gromala, J. Duerr, M. Dressler, K. M. B. Jansen, M Hawryluk. J. de Vreugd, “Comprehensive material characterization and method of its validation by means of
FEM simulation”, Proceedings of the 2011 12th International Conference on Thermal, Mechanical and Multi-Physics Simulation and Experiments in Microelectronics
and Microsystems (EuroSimE), Linz, Austria, 18-20 April, 2011.
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Validation — warpage experiment

10 samples per material
5 sample per one run
From 25...225...25°C
Every 25K

Ramp rate 2K/min

Length [mm]

- T=25°C - T=50°C T=75°C T=100°C - T=125°C
+ T=150°C - T=175°C . T=200°C - T=225°C

IEEE

/55t ™ Electronics

ELECTRONICS

PACKAGING TC

SOCIETY

40 mmi

5 System-Integration
Technology

L :r: ol Conference

E
=
o
o
©
e
2
0 T T T T A
74) 10 20 30 40 50
-100
Length [mm)]
- Sample1 - Sample 2 Sample 3 Sample4 - Sample 5
- Sample6 - Sample7 - Sample8 - Sample9 Sample 10
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Validation — extraction of parameters

= Goal: minimize error between average warpage of

studied samples and calculated by FEM

= FEM: residual stresses implemented

Warpage [pum]

400

EMCA

300

200

100 -

50

-100

-200

Temperature [°C]

Warpage [um]

400

300

200

100

-100

-200

>0

Temperature [°C]

Temperature [°C]

Warpage [um]
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Load profile used in FEM simulation

250
Cooling down I\
200 1= fter PMC l\
150 Warpage ] Warpage
4 heatingup I cooling down
100 phase 1 hase
|
Storage time 1
50 | \
0+ T T T T
0 20000 40000 60000 80000 100000
Time [s]
CTEL EMCE CTE2
- ]\l«f\ (ﬁ
& : s
300 —= A| x \&‘k._ /
200 4N
T )
100 g L. N
| A
| AN
0 T T T T \ i
I 50 100 150) 200 , 2%0
-100 - / N
Shrinkage
-200

Temperature [°C]
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Curing shrinkage — implementation in FEM code

= There are four methods approaches commonly used to implement curing
shrinkage in FEM code.

CTElL EMCE CT/E2

= Pre-strain 400
= |ncrease of the CTE of epoxy based thermoset at curing temperature 00 B ’1\ R (
= Warpage free temperature as stress free temperature for entire T . \K‘_‘)
construction E 200 +— — B
ol 1 N
= Shift of reference temperature for epoxy based thermoset @ 100 : \
1] | 4 i
= Swelling E 0 L: /’I\
: . . . I ' N
= Direct implementation (only some FEM codes or through user defined (] 50 150] 200 , 250
model) -100 - -
Shnnkage/
-200
Temperature [°C]
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Stress measurements using stress sensor

Piezoresistive silicon based stresss sensor: IForce — in-situ
measurements of the stress state inside IC package

= Localized mechanical stress measurements during active operation
and field condition

= Detection of the crack/delamination during active operation and
field condition of the ASICs ad power module

= Understanding the state of health: healthy / unhealthy 2000 pm

= Damage evolution using direct damage relevant quantity: Simulation / Experiment
= Mechanical stress difference;

_ ) 2 Toue —Iim
op = (0x — 0y) ® —— I—+I-
T, out in

= Shear stress.

-1 *rn-u.r_fir:

, N ——
ﬂ'.:t'_]. [ (myr + I
TEZLZL .R-ZLE ot h
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In one sensor 12 stress
sensing cells

Silicon chip on Five sensors

ceramic substrate

Uik aay

Y

T

LTCC LT |

Die attach

iForce

DAM

Epoxy Ll [ —
After DAM Before curing After curing
dispensing
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Curing profile

A
g
>
)
o
()
(@}
S
()]
|_
77777777777777777777777777777777777777777777777777777777777777777 2"d step
Post cure
15t step
Initial cure
Heating EHeating Cooling
up | up | . down
: ' ' ' >
Time
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Stress induced during curing process

Stress

Curing temperature is reached |

Gelation temperature is
reached Tg

Further increase of stress due to

‘T ’ / polymerization process
Solidification \
of material L\ Y

\4

starts

00

400

Heating up to
next process

Deformation changes
, due to curing reaction
stress increases

Stress

Cooling down
to room
temperature

Time

= = Temperature

IEEE
&S Bismgues
N—/ SOCIETY

Temperature
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CTE describes how the size of the sample changes Load

with the temperature
Most materials have different CTE

If materials are joined together

LVDT Signal related to
= Warpage = major challenge in microelectronics position
= Mechanical stress
" In bulk Thermocouple Probe

= At the interface

Measurements according to ASTM norm (D696 & E831)
= Sample pre-conditioning (check manual)
= Measurements during second heating
= Thickness of the sample (2...10 mm)
= Applied load must be negligible = only to provide contact

Material under
investigation
Furnace

Heating rate 2...5 K/min

ASTM E1545 - 11(2016): Standard Test Method for Assignment of the Glass Transition Temperature by Thermomechanical Analysis
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Typical curve

TMA

Expansion (pum)

Tg

-50 0 50 100 150 200 250
Temperature (°C)
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How we can implement CTE in FEM code

Definition of themal expansion in Ansys
= |n Ansys CTE can be defined as: 0.005 - 40

‘€
= Thermal strain (THSX) = 0.004 o r 30 ¥
5 0.003 ot 50 £
= |nstantaneous coefficient (CTEX) 5 0.002 0. =
5 PP ¥ L 10 5
= Secant coefficient (ALPX) 5 O'OO; _/ .
= MPAMOD,MAT_NUMB,T, E 0 50 100 150 200 250 300

Temperature [°C]

= All methods provide accurate results
® THSX @ CTEX o ALPX

= For epoxy based thermosets, in the data sheet, typically instantaneous Definition of the CTE using secant coefficient
coefficient is defined e.g.: 0005 a0
= CTE_,=7 ppm/°C, CTE, =32 ppm/°C, T,=125°C E 0.004 o
= For metals, in the data sheet, CTE is quite often defined as secant g 0.003 | 50 &
coefficient e.g.: g 0002 o B
o o 0. B O
= CTE 50 500) = 12 ppm/°C 5 0.001 /
£ o L& 0
é 0 50 100 150 200 250 300

Temperature [°C]

® Thermal expansion @ Reference at 240°C © Reference at 25°C

To MPAMOD,MAT_NUMB,T, Tref

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026




IEEE £ = Electronics
ELECTRONICS @ S System-Integration
PACKAGING T C Technology
SOCIETY < Conference

®

Glass Transition and Melting Temperature

» The glass transition is a reversible transition of polymer material
from a hard and relatively brittle state to a molten rubber like
state; this temperature can also be defined as the temperature at

which the forces holding distinct segments together are T, T,
overcome by thermally-induced motions. E?

" Glass transition temperature 7: from glassy state to rubber-like \
state: / Thermoset

* Melting temperature 7, : from rubber-like to liquid state (for
thermoplastic only) glassy | rubbery \./

Thermoplastic

liquid

.
>

T
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Glass transition temperature

DMA at1Hz

Glass transition temperature — temperature region in which polymer
transition from glassy material to rubbery material

= NOT A FIXED POINT...

= Different measurements methods (DMA, TMA, DSC...) will lead to different
values = difference can be as high as 30 °C

Storage mdulus
Ctand

» Even the same DMA produces different Tg depending upon the frequency - Tempe;ture T by DVA
the higher frequency is the higher T, g

= The ASTM E1545 standard describes a method to extract Tg from a TMA
measurement.

TMA

= T, shift during moisture absorption as well as aging of material

Expansion

:Tg by TMA (ASTM E1545)

Tempeature

Always ask how it was measured and defined
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Viscoelasticity of polymers

S
= Elasticity \,0“‘5

= the property of materials that deform reversibly under stress ,&)

= Viscoelasticity
= the property of materials that exhibit both viscous and elastic characteristics when undergoing
deformation

= Linear viscoelasticity can be modeled by the combination of the spring and dashpot for small
deformation.

Stress by elasticity Stress by viscosity
I
e |
o=FE¢ E o= ot 1
A
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Viscoelasticity

Modulus [MPa]

10
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Epoxy based thermoset

@000000 .....O.........H» 11

Solid like Fluid like

S0 100 150 200 250 300
Temperature [°C]

eE' o«E" o tand

P. Gromala, B. Muthuraman, B. Oeztuerk, K. M. B. Jansen, L. Ernst, “Material characterization and nonlinear viscoelastic modelling of epoxy based thermosets for
automotive application”, Proceedings of the 2015 16th International Conference on Thermal, Mechanical and Multi-Physics Simulation and Experiments in
Microelectronics and Microsystems (EuroSimE), Budapest, Hungary, 19-22 April, 2015.
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Creep and Stress Relaxation

= Creep takes place when a viscoelastic material subjected to constant
stress.

&) _J0)

o
J(¢): creep compliance

= Stress relaxation happens when a viscoelastic material subjected to
constant strain.

o(?)
. = E(¢)

E(?): reduced modulus
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A\ 4
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Time —Temperature Superposition

= Assumption of thermorheologically simple (TRS): no change in
relaxation (creep) mechanism occurs with temperature = time-
temperature superposition principle

= Relaxation modulus at different temperatures can be shifted to one

reference temperature on the logarithmic x-axis to create a master

E®)] Shift factor: a,
curve.

Log ar ,\ T2 Tl > T2

> Log(?)
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Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) -

is a technique used to study and characterize materials, such as studying
viscoelastic behavior of epoxy based thermosets
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®

Temperature range: -60 to 260 °C Comecﬂngé;‘

Fatigue investigation

Typical load application in tensile mode or in three point bending mode 0.0003

Material characterization:

= Modulus of elasticity (storage and loss modulus

» Critical stress at break

Harmonicload applied during DMA test

o a7 W\
— AT

) BT | AVE

-0.0002 L \/

Strain

= Glass transition temperature 00003
’ Time [s]
= 1.0Hz 10.0Hz
Effect of different load rate
1.2 °
e
S 1 nmm
3o |/ s
£
» 06 | —125°C @ 1.0
- mm/min
£ 04 —125°C @ 0.1
E 02 mm/min
s —175°C@ 1.0
Z 0 mm/min
0 2 4 6 —175°C@0.1
mm/min

Normalized Strain
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Master Curve and Prony Series

Modulus (GPa)

®
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26 4 10
] . ° = Experimental

o] — — e
2.0 — 100°C ——70°C

1.8 —_s0°C 14 ——60°C 1

161 ——70°C w \ 50 °C T

144 —60°C 5 —4o0°C %

’ . = 30°C -

—uel s e | &

;:g: 30°C 3 ~ é 0.1+

06 ] ——20°C o \X‘

0.4 ’

322_ . : : : : : 0.04 . . . . 0.01 T T T T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0 2 6 10 12 14 16 18 0 2 6 10 12 14 16 18

Log (t) (s) Log(t) (s) Log(t) (s)
= A master curve can be obtained by shifting the relaxation modulus.
= The master curve can be expressed analytically using the Prony series.
i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10
10 ¢
E(t) - EOO + ZlEl CXp (_T_] E;(GPa) 0.323 0.122 0.245 0.50 0.456 0.355 0.212 0.076 0.033 0.008
1= 1
T: (s) 22 202 6800 9*10* 2*10° 4*107 1*10° 3*1010 1*1012 1*1013
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More about Prony terms

Each Maxwell element defines relaxation time and “a depth of transition” at a specific relaxation time.

Typically, numerous Maxwell elements are required to describe the transition from glassy to rubbery correctly.

1 Prony term 2 Prony terms § 2 40 Prony terms § >

N2 MNag

\ Experiment

a1\
Model— \
\

— \ =

-100 -50 0 50 100 150 200 250 300 -100 -50 0 50 100 150 200 250 300 -100.0 -50.0 0.0 50.0 100.0 150.0 200.0 250.0 300.0
Temperature [°C] Temperature [°C] Temperature [°C]

\

Storage Modulus [MPa]

Storage Modulus [MPa]
—
Storage Modulus [MPa]

Minimum 15 prony terms required
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= |mplementation in FEM

= WLF function = accuracy only in Tg regime
= Piecewise shift function (user defined model)
= As temperature dependent prony terms (look-up table)

log E' [GPa]

log(A[T))

—
=
=

10

50

40 -

30 -+

20 +

10
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1
5 10 15 20 25

log W

=

Shift function and its WLF representation

[ nacuracy
regiime

# Shiftfactors

Tg regime — \WLF function

300

Temperature [*C]
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Dependent/Independent Bulk Modulus
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“Characterization of Linear Viscoelastic Behavior of Epoxy Molding Compound Subjected to

Uniaxial Compression and Hydrostatic Pressure,” IEEE Transactions on CPMT, Vol. 8, no. 8, pp. 1363-1372, Aug. 2018.
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= A higher pressure is required to produce the same strain under hydrostatic loading.

= With the initial attempt using compressed air (=~ 100 psi), the BW shift at low temperature was only around 10 pm, I‘&J
which did not provide a desired S/N ratio of measurement signals (the resolution of the interrogation system of ~ 1

pm).
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Hydrostatic Test

eS
" The initial 445(0) is measured after applying instantaneous gas pressure. LO“‘
= The time dependent A4;(t) is measured while maintaining the constant pressure. Gasinlet  Tas
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Using the same set of the shift factors, the master curve of the
bulk modulus was determined.
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Modeling of LVE

1. Introduction

2. Material Selection and Key Influencing Mechanisms
3. EMC Material Characterization Essentials

4. From Material Data to Simulation Models

5. Summary and Key Takeaway

How to validate visco-elastic models?
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Virtual study of DMA test

Clamping

V 4

V

Fixed surface Applied force (5 cycles)

DMA test: X component of stress for different

frequencies DMA test: X component of stress vs. strain

3 6004
2 /\/\ —ﬂ‘ 1 .EnI: NA
\ I~ IOULE=0
T /\ \ N A +-00E-04
g v AN 1 = 5.60E-05
E / \ A—’ gl t / E JaWa¥aY =
8 0 ‘ Bl wWEE =i E U.UU
£ 0.0po1 0.001 0\)1“ 1 K "’ 0 o - 3
& LV A :
2 - Z E-04
Frequency sweep =42 00E-04
-3 -2.50E-04
Time [s]| Stress [MPa]
— w=0.32Hz — w=1Hz w=3.2Hz — f=0.32Hz —— f=1Hz f=3.2Hz f=10Hz
w=10Hz —w=32Hz ——w=60Hz —f=32Hz ——f=60Hz

2026 IEEE 11t Electronics System-Integration Technology Conference | Sep. 9 — 11, 2026



Virtual study of DMA test

DMA test: X component of stress vs. strain
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Applied force (5 cycles)

The higher the frequency the higher the stress
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Virtual study of DMA test

Clamping

DMA test: T=123°C, ®=0.32Hz y

Fixed surface Applied force (5 cycles)
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— X component of stress = X component of strain
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Relaxation behavior

= Goal: study relaxation behavior of molding compound

® One element used

Tensile loading

PACKAGING TC

@

IEEE ", =™ Electronics
ELECTRONICS <S System-Integration

Technology

SOCIETY L ..« Conference

v

Shear loading

ks b b b | o | UL UL

12
g - £
= & 10 =
) 2 8 a
B o 5
v frar} v
I o 6 I
=] T a
(W) 1] (v}
= n 4 =
[« ; o
w' uvo2 v 350 | i

0 T T —— e e —— _400 il sl | | Lauul | | s ool

106 104 102 100 102 104 106 108 1010 106 104 102 100 102 104 106 108 1010 106 104 102 100 102 104 106 108 1010
Time [s] Time [s] Time [s]
Temperature [°C]

40— -20—- 00— 20— 40— 60— 8 — 100 — 120 — 140 — 160 — 180 — 200 —

Material modeling is as important as characterization
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Material characterization and modeling are crucial for predictive numerical modeling

Behavior of an epoxy based thermosets is very complex
= Temperature dependency
= Time dependency
= Non-linear behavior

Process parameters should not be neglected

Simulation engineer should lead material characterization and modeling

Before material is used in product simulation, it should be validated using virtual modeling
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Thank you very much for your attention!

In case of questions or comments, please contact: pgromala@ieee.org
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