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Abstract

The electrical contact resistance at solid oxide cell (SOC) contacts is a key aspect which
contributes to ohmic losses in an SOC stack. These resistances are primarily dependent
on the mechanical contact pressures applied in the active area, which are influenced by
non-idealities caused by manufacturing limitations. Finite element methods (FEM) can
be used to study these phenomena, but conventional simulation approaches are often
impractical due to excessive computation times. Such excessive computational times are
caused by complex designs of repeating components and high mesh resolutions required
for accurate modeling.

To address these challenges, this work investigates the use of computational homogeniza-
tion techniques in the SOC stack. These methods characterize the periodically repeat-
ing structure of interconnect contacts as an equivalent material response, capturing the
required effects while significantly reducing computation time. The non-idealities aris-
ing from manufacturing tolerances are incorporated using a constitutive material model
demonstrating an offset-formulation, while the soft porous coating on the contacts is
represented through a coating-formulation. Furthermore, the model shows temperature-
dependent and rate-dependent behavior, making it capable of simulating the various load-
ing stages in the lifecycle of an SOC contact.

On developing a simplified modeling approach for the aforementioned challenges, a frame-
work is developed to extrapolate key parameters relevant to SOC performance directly
from this simplified model. This motivates the use of the simplified model as a re-
placement of full-field modeling approaches. The developed modeling framework is val-
idated through experimental case studies, which focus on evaluating the mechanical
contact pressure after stacking and also the electrical contact resistance during opera-
tion.

The findings from this work have important implications for optimizing several process
parameters to achieve an ideal contact configuration in the active area of an SOC stack.
These parameters may include stacking force, tolerance limits, temperature distribution,
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material properties and the geometric design of contacts, which can be evaluated efficiently
using the proposed computational approach.



Kurzfassung

Der elektrische Kontaktwiderstand an den Kontakten von Festoxidzellen (SOC) ist ein
wichtiger Aspekt, der zu den ohmschen Verlusten in einem SOC-Stack beiträgt. Diese
Widerstände hängen in erster Linie von den im aktiven Bereich ausgeübten mechanischen
Kontaktdrücken ab, die durch Nichtidealitäten aufgrund von Fertigungsbeschränkungen
beeinflusst werden. Finite-Elemente-Methoden (FEM) können zur Untersuchung dieser
Phänomene verwendet werden, doch herkömmliche Simulationsansätze sind aufgrund
übermäßiger Rechenzeiten häufig unpraktisch. Solche übermäßigen Rechenzeiten werden
durch komplexe Designs sich wiederholender Komponenten und hohe Maschenauflösungen
verursacht, die für eine genaue Modellierung erforderlich sind.

Um diese Herausforderung anzugehen, untersucht diese Arbeit die Verwendung von rech-
nergestützten Homogenisierungstechniken im SOC-Stack. Diese Methoden charakter-
isieren die sich periodisch wiederholende Struktur der Verbindungskontakte als äquiva-
lente Materialreaktion und erfassen die erforderlichen Effekte bei gleichzeitiger erheblicher
Reduzierung der Rechenzeit. Die Nichtidealitäten, die sich aus Fertigungstoleranzen
ergeben, werden mithilfe eines konstitutiven Materialmodells berücksichtigt, das eine
Offset-Formulierung demonstriert, während die weiche, poröse Beschichtung der Kontakte
durch eine Beschichtungsformulierung dargestellt wird. Darüber hinaus zeigt das Modell
ein temperatur- und geschwindigkeitsabhängiges Verhalten, wodurch es die verschiedenen
Belastungsphasen im Lebenszyklus eines SOC-Kontakts simulieren kann.

Bei der Entwicklung eines vereinfachten Modellierungsansatzes für die oben genannten
Herausforderungen wird ein Rahmen entwickelt, um wichtige Parameter, die für die SOC-
Leistung relevant sind, direkt aus diesem vereinfachten Modell zu extrapolieren. Dies mo-
tiviert die Verwendung des vereinfachten Modells als Ersatz für Vollfeld-Modellierungsansätze.
Der entwickelte Modellierungsrahmen wird durch experimentelle Fallstudien validiert, die
sich auf die Bewertung des mechanischen Kontaktdrucks nach dem Stapeln und auch des
elektrischen Kontaktwiderstands während des Betriebs konzentrieren.
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Die Erkenntnisse aus dieser Arbeit haben wichtige Auswirkungen auf die Optimierung
mehrerer Prozessparameter, um eine ideale Kontaktkonfiguration im aktiven Bereich eines
SOC-Stapels zu erreichen. Diese Parameter können Stapelkraft, Toleranzgrenzen, Tem-
peraturverteilung, Materialeigenschaften und das geometrische Design von Kontakten
umfassen, die mit dem vorgeschlagenen rechnerischen Ansatz effizient bewertet werden
können.
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φ(σ) Yield criteria
σeq Equivalent stress
σ0 Effective yield stress
αxx Coefficients that define plastic orhtotropy in the Hill tensor.
σxx Stress component in xx-direction
σeff Effective yield stress
ε Second order strain-tensor
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αth Second order tensor representing anisotropic thermal expansion coefficients
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u Displacement vector
n Unit normal vector
t Stress vector
ρ Density
V Volume
b Vector representing body forces
q Vector representing heat flux across surface
r Heat supplied across volume
e Internal energy
η Entropy
N Flow direction vector for plastic flow
Rcontact Contact resistance
F0,Fn Domain of experimentally applied forces for contact experiments



Contents

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature 5
2.1 Fundamentals of Solid Oxide Cells . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.3 Types of SOC designs . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.4 Current-voltage characteristics . . . . . . . . . . . . . . . . . . . . . 12
2.1.5 Design of solid oxide cell repeat unit . . . . . . . . . . . . . . . . . 13

2.2 Fundamentals of continuum mechanics . . . . . . . . . . . . . . . . . . . . 14
2.2.1 Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.2 Cauchy’s Stress Theorem . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.3 Thermodynamic considerations . . . . . . . . . . . . . . . . . . . . 17
2.2.4 Theory of plasticity . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.5 Computational Homogenization . . . . . . . . . . . . . . . . . . . . 21

2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Experimental derivation of material data 25
3.1 Process steps in the life-time of a single SOC contact . . . . . . . . . . . . 25
3.2 Mechanical compression tests on single contacts . . . . . . . . . . . . . . . 28
3.3 Evaluation of mechanical behavior of the porous coating . . . . . . . . . . 32
3.4 Calibrating mechanical simulations for a single contact . . . . . . . . . . . 35
3.5 Calibrating thermal simulations for a single contact . . . . . . . . . . . . . 37
3.6 Calibrating rate-dependent simulations for a single contact . . . . . . . . . 39
3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

x



xi Contents

4 Modeling approach and constraints 41
4.1 Requirement for model reduction . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Practical application of the computational homogenization approach . . . . 44

4.2.1 Assembly at room temperature . . . . . . . . . . . . . . . . . . . . 46
4.2.2 Temperature ramp-up . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.3 Relaxation at operational temperature . . . . . . . . . . . . . . . . 50
4.2.4 Interpretation of results for computational homogenization . . . . . 51

4.3 Observations from experimental investigations . . . . . . . . . . . . . . . . 52
4.3.1 Measurement of repeat units . . . . . . . . . . . . . . . . . . . . . . 54
4.3.2 Non-flatness of components . . . . . . . . . . . . . . . . . . . . . . 55
4.3.3 Dimensional tolerances on individual contacts . . . . . . . . . . . . 57

4.4 Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5 Constitutive model 60
5.1 Model requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.1.1 Volumetric compressibility in the plastic domain . . . . . . . . . . . 61
5.1.2 Offset and coating formulations . . . . . . . . . . . . . . . . . . . . 62

5.2 Rheology of the effective model . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3 Model Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.4 Algorithmic treatment of model equations . . . . . . . . . . . . . . . . . . 69
5.5 Incorporation into the finite element framework . . . . . . . . . . . . . . . 71
5.6 Characteristics of the effective model . . . . . . . . . . . . . . . . . . . . . 72
5.7 Incorporation of thermal aspects . . . . . . . . . . . . . . . . . . . . . . . . 74

5.7.1 Thermal expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.7.2 Temperature dependent moduli . . . . . . . . . . . . . . . . . . . . 75
5.7.3 Implementation of thermal effects in the finite element framework . 76
5.7.4 Characteristics for thermal and relaxation behavior . . . . . . . . . 77

5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6 Computational investigation and validation 80
6.1 Assembly at room temperature . . . . . . . . . . . . . . . . . . . . . . . . 80

6.1.1 Parameter Identification . . . . . . . . . . . . . . . . . . . . . . . . 81
6.1.2 Mechanical validation for 1-Layer: 16 Contacts . . . . . . . . . . . . 83
6.1.3 Mechanical validation for 2-Layer: 16 Contacts . . . . . . . . . . . . 84

6.2 Temperature ramp-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.2.1 Parameter Identification . . . . . . . . . . . . . . . . . . . . . . . . 86
6.2.2 Thermal validation for 1-Layer: 16 Contacts . . . . . . . . . . . . . 88



xii Contents

6.3 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.3.1 Parameter Identification . . . . . . . . . . . . . . . . . . . . . . . . 91
6.3.2 Relaxation validation for 1-Layer: 16 Contacts . . . . . . . . . . . . 93

6.4 Unified model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.5 Summary of computational investigations and validation . . . . . . . . . . 97

7 Correlating effective model parameters to contact resistance 98
7.1 Evaluation of contact pressure after mechanical assembly . . . . . . . . . . 99
7.2 Relation to electrical output . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

8 Experimental validation 106
8.1 Mechanical contact pressure tests . . . . . . . . . . . . . . . . . . . . . . . 106

8.1.1 Pressure film experiments . . . . . . . . . . . . . . . . . . . . . . . 107
8.1.2 Simulation of pressure film tests . . . . . . . . . . . . . . . . . . . . 109
8.1.3 Comparison of simulation results with experiments . . . . . . . . . 112

8.2 Operational contact resistance tests . . . . . . . . . . . . . . . . . . . . . . 115
8.2.1 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.2.2 Simulation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

8.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

9 Conclusion and Outlook 119
9.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
9.2 Outlook and further scope . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

9.2.1 Incorporation of design specific components into the model . . . . . 121
9.2.2 Parameter optimization . . . . . . . . . . . . . . . . . . . . . . . . 122
9.2.3 Optimization of stacking sequence . . . . . . . . . . . . . . . . . . . 122

10 List of Publications 123

Bibliography 125

List of Figures

List of Tables



1 Introduction

1.1 Motivation

In recent decades, significant technological advancements in solid oxide cells (SOCs) have
led to new designs and materials which has made SOC technology a promising solution for
clean energy conversion. However, for this technology to reach widespread commercializa-
tion and accelerate its development, it must meet market demands in terms of reliability,
robustness, efficiency and cost. To achieve this, a fundamental understanding of all de-
signed components in an SOC stack, relevant manufacturing processes and their impact
on the overall product is required. While such knowledge can be gained through extensive
experimentation and testing on a cell level, these tests may become cost-prohibitive and
time-consuming when carried out on the stack level. This is attributed to the complexity
and number of repeat units in a stack [1, 2].

To understand stack-level phenomena more effectively, simulation tools may provide at-
tractive alternative approaches. Structural and multiphysics simulations may be used to
to intuitively explore and analyze SOC designs without high costs associated with physical
experiments [3, 4]. Additionally, internal conditions within a closed SOC stack at oper-
ational temperatures may be difficult to measure experimentally and can be estimated
through simulations. Moreover, some intrinsic quantities like stresses, fluxes, etc. may
be explicitly evaluated using simulation tools which is vital for stack design and can be
difficult to visualize using an experimental setup [5,6]. Therefore, simulation methods are
a powerful tool which complement experimental approaches to obtain a thorough analysis
of an SOC stack system.

One key application of structural simulations in SOCs is estimating electrical resistance
within a stack, particularly as it relates to the mechanical contact configuration between
repeat units [7,8]. For optimal stack performance, the individual repeat units must estab-
lish sufficient contact pressure with the adjacent repeat unit to ensure effective electrical
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2 1.1. Motivation

conductivity. Application of mechanical pressure on the contacts ensures sufficient sur-
face area for electron flow which reduces electrical resistance. While insufficient contact
pressures cause loss of performance through increased contact resistance, excessively high
contact pressures may lead to plastic deformation and eventual component failure. There-
fore, a suitable magnitude of contact pressures are essential for both, performance and
durability of the stack [9].

Although finite element simulation methods are commonly used in research and devel-
opment, these simulations are often associated with ideal design conditions. In reality,
however, manufacturing variations may cause deviations from the ideal design because of
machining limits and tolerances. For a consistent stack performance, each cell manufac-
tured should meet strict quality standards [10, 11]. Even a small deviation may signifi-
cantly affect the overall performance of the stack. Therefore, understanding the influence
of manufacturing tolerances on critical components is essential for setting appropriate
tolerance limits. [12, 13]

One such component in a planar SOC stack is the interconnect, which is particularly
sensitive to dimensional tolerances, especially, the variability in height dimensions of in-
dividual contacts [14–17]. The interconnect acts as a compartment that separate air
from fuel, and variations in contact dimensions can lead to non-uniform fuel distribu-
tion, accelerating degradation and potentially causing failure [18, 19]. Additionally, the
function of the interconnect is to ensure electrical conductivity between repeat units. Di-
mensional variability on the interconnect contacts may result in heterogeneous contact
pressure distributions which directly influence ohmic contact resistance and therefore,
stack performance. [20–25].

Because of the cost and effort associated with experimental approaches, alternative meth-
ods are required to evaluate the electrical resistance at a stack level, with finite element
methods as a promising approach. However, conventional finite element simulation tech-
niques for stack-level analysis for the Bosch-Ceres stack design are computationally inten-
sive and require significant time for completion [26–29]. Furthermore, considering such
kind of intricate interconnect designs along with their tolerances and modeling thousands
of such interconnect contacts for each repeat unit demands impractical modeling effort.
The goal of this work is to overcome these challenges by creating a simplified model and
reducing simulation times without compromising on accuracy. While doing so, the model
should also consider geometric variability due to tolerances at each contact, enabling the
simulation of real-world manufactured components. This makes it possible to estimate



3 1.2. Research Objectives

their impact on stack performance and suggest appropriate measures to increase robust-
ness and reliability of manufactured stacks.

1.2 Research Objectives

Using the stated challenges as motivation to develop new methods, the objectives of this
work are described in this section

• This work attempts to create a methodology to simulate mechanical aspects of SOC
components.

• The challenge of large computational times associated with conventional approaches
are addressed.

• Non-idealities associated with manufacturing processes of components are taken into
consideration.

• Lastly, the evaluation of certain key parameters like contact pressure and electrical
contact resistance which are known to influence stack performance is conducted.

1.3 Outline

In Chapter 2, a brief overview of an SOC and its components is provided, alongside certain
relevant fundamentals on continuum mechanics and computational homogenization are
covered. Chapter 3 aims on performing experimental tests of SOC contacts with a focus
on evaluating their material behavior. Furthermore, investigations on how this behavior
varies under different loading conditions throughout the SOC contact life-cycle are carried
out. Chapter 4 highlights the challenge associated with long computational times and
proposes the use of homogenization techniques for model reduction. Upon comparing with
experimental tests and identifying distinct deviations, the missing features are attempted
to be incorporated into the simplified model.

In Chapter 5, the necessary model equations are developed taking into consideration the
experimental deviations and are implemented in an algorithmic framework. Chapter 6
discusses the calibration of parameters for the simplified model to match the full-field
model, with validation performed for various load-case scenarios. In Chapter 7, a post-
processing workflow is outlined to extract the model parameters relevant to the electrical
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contact problem. Finally, in Chapter 8, a comparison of simulation results with exper-
imental investigations are carried out, which validate the proposed methodology for the
intended use-case.



2 Literature

To meet the objectives outlined in Chapter 1, the literature relevant to two technical
areas require attention. First, a comprehensive understanding of the SOC design is es-
sential to address challenges related to component functionality and the evaluation of
key performance parameters. Then, a fundamental understanding of computational me-
chanics is necessary to develop the theoretical framework needed to effectively tackle the
aforementioned challenges stated in Chapter 1.

This chapter addresses these two key aspects. It begins with an overview of SOCs, dis-
cussing their working principles, components, types, and performance indicators, while
providing a detailed explanation of the specific design relevant to this work. Later, the
chapter introduces the fundamentals of continuum mechanics, including the definitions
of quantities such as strain and stress, as well as the thermodynamic considerations for
material modeling. Additionally, the theory of plasticity and computational homoge-
nization are discussed to establish the theoretical foundation for the subsequent chap-
ters.

2.1 Fundamentals of Solid Oxide Cells

As this work is primarily motivated for the Fuel Cell (FC) application of SOCs, we are
concerned with the operational principles and fundamentals of the solid oxide fuel cells
(SOFCs) in this section. A similar design may be used for the electrolysis application
in solid oxide electrolysis cell (SOEC) mode [30, 31]. Thus, the challenges outlined and
methodology used in this work is also relevant for SOEC designs. Therefore, for a broader
range of design applications, this work addresses all SOC designs, however, it is primarily
applied to the SOFC use-case.

5



6 2.1. Fundamentals of Solid Oxide Cells

2.1.1 Working principle

SOFCs are usually based on ceramic materials and operate within a temperature range be-
tween 600◦C to 1000◦C [32]. In a typical SOFC design, as illustrated in Figure 2.1(a) [33], a
solid-state electrolyte is sandwiched between an anode and a cathode which have a porous
microstructure. The fuel consisting of hydrogen (H2) or hydrogen based compounds are
supplied to the anode, while the cathode is kept in the vicinity of air containing oxygen
(O2) [34]. The working principle of an SOFC requires the occurrence of a redox reaction
where the fuel gets oxidized at the anode and the oxygen from the air gets reduced at the
cathode. During this process the oxygen atoms react with free electrons at the cathode
to form oxygen ions. The oxygen ions are transported through the porous cathode and
dense electrolyte layers to the anode where hydrogen atoms are oxidized to from hydrogen
ions and free electrons. This results in a chemical reaction with the formation of water
(H2O) as a by-product and the transportation of electrons through an external circuit
which generates electricity [35–37].

The interfaces between the anode-cathode-electrolyte layers must be mechanically robust
and chemically compatible at operational temperatures over prolonged timescales [38]. For
practical applications, a single SOFC unit generates a rather small magnitude of voltage
for the flow of electricity, therefore multiple SOFCs are stacked together forming a series
circuit which act as a large power source as demonstrated in Figure 2.1(b) [33]. These indi-
vidual fuel cells are often separated by interconnecting materials which perform the task of
current collection and provide mechanical stability to the stack [39].

(a) Cell (b) Stack

Figure 2.1: Fundamentals of fuel cells

The overall chemical reaction occurring during the process combines hydrogen molecules
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with oxygen molecules to from water and can be expressed as:

H2 +
1

2
O2 −−→ H2O (2.1.1)

At the cathode, the oxygen molecules ionize to form O2− ions and may be expressed with
the following reaction:

1

2
O2 + 2 e− −−→ O2− (2.1.2)

At the anode, hydrogen molecules are oxidized to form H+ with the release of free electrons
e− and is expressed in the following chemical equation as,

H2 −−→ 2 H+ + 2 e− (2.1.3)

followed by the combination with the free O2− ions to form water and is expressed in the
form,

2 H+ + O2− −−→ H2O (2.1.4)

Upon transportation of the O2− ions from the cathode on to the anode following the
reactions in Equation 2.1.2, Equation 2.1.3 and Equation 2.1.4 occurs, giving the overall
chemical reaction shown in Equation 2.1.1.

2.1.2 Components

As already described in subsection 2.1.1, the SOFC comprises three fundamental com-
ponents which are the anode, cathode and electrolyte. Upon stacking individual cells
together, the role of the interconnect becomes vital. In order to operate efficiently, each
of these components must possess certain inherent properties which are highlighted as
follows:

Cathode: The cathode plays a critical role in the oxygen reduction reaction (ORR),
which influences the performance of SOFC. Typically, the cathode must exhibit high
electronic conductivity, a thermal expansion coefficient (TEC) compatible with other cell
components and chemical stability under operational conditions. Additionally, it should
possess a porous microstructure which enhances the ORR beyond the triple phase bound-
ary (TPB) of the cathode/electrolyte interface and lastly, it should have high catalytic ac-
tivity for oxygen molecule reduction. For high-temperature SOFC applications, materials
such as lanthanum strontium manganite (LSM: La1−xSrxMnO3−δ) are used, which have a
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perovskite structure, wherein the doped strontium replaces lanthanum enhancing its elec-
tronic conductivity. However, its limited oxide-ion conductivity confines the ORR primar-
ily to the TPB which limits its performance. Furthermore, thermal and mechanical degra-
dation of LSM at elevated operational temperatures has led to the development of alterna-
tive materials for intermediate-temperature SOFCs [40–42].

One such alternative is lanthanum cobaltite (LaCoO3), which, when doped with stron-
tium, forms strontium-substituted cobaltite perovskite (LSC: La1−xSrxCoO3−δ). LSC is
a mixed ionic-electronic conductor (MIEC) with excellent ionic conductivity and cat-
alytic properties for ORR. However, its high TEC can create compatibility issues with
other cell components, particularly commonly used electrolytes like yttria-stabilized zir-
conia (YSZ) and gadolinium-doped ceria (CGO). In order to tackle these limitations,
Co was substituted with Fe, resulting in lanthanum strontium cobalt ferrite (LSCF:
La1−xSrxCo1−yFeyO3−δ), a state-of-the-art cathode material. LSCF possesses good elec-
tronic conductivity at an intermediate temperature ranges. Additionally, mixed valence
states of Fe3

+/Fe4
+ and Co3

+/Co4
+ facilitate the formation of oxygen vacancies, thereby

enhancing ionic conductivity. Alongside, the TEC of LSCF aligns well with that of other
cell components, making it more compatible. Despite the advantages, one limitation is
that LSCF reacts with YSZ and affects the cell performance over time. However, it re-
mains compatible with CGO. To address the incompatibility with YSZ, incorporating a
ceria-based barrier layer between the cathode and electrolyte has proven to be an effective
solution.

Lastly, the primary challenges associated with LSCF involve its degradation over time
during operation, which includes strontium segregation and chromium poisoning. Stron-
tium segregation leads to the formation of a SrO layer on the cathode surface, inhibiting
the ORR at the air/cathode interface. Whereas, chromium poisoning arises from the
volatilization of chromium species from metallic interconnects at operational tempera-
tures. These chromium species deposit on the cathode surface, further degrading its
performance.

Electrolyte: The electrolyte is a dense ceramic layer, through which oxide ions migrate
from the cathode to the anode. Consequently, the electrolyte must exhibit high oxide-
ion conductivity, which depends on its internal resistance to ion flow and the distance
traveled by oxide ions between the electrodes. Moreover, the electrolyte material must
be electronically insulating as any electronic conductivity could short-circuit the cell.
Furthermore, the electrolyte should be chemically stable with the electrodes and possess
a TEC compatible with other cell components. [43]
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Yttria-stabilized zirconia (YSZ), composed of zirconium dioxide (ZrO2) fully stabilized
with yttria (Y2O3) or other dopants like (MgO) and (Sc2O3), is the most commonly used
electrolyte material for SOFCs. The dopants induce oxygen vacancies, which enable oxide-
ion conduction. Despite its widespread use, YSZ is chemically instable at operational
temperatures when combined with common cathode materials like LSCF. This interaction
leads to the formation of insulating phases such as SrZrO3 and La2Zr2O7, which degrade
cell performance. [44–47]

To address this challenge, ceria-based electrolytes (CeO2), doped with gadolinium ions
(Gd3

+), have been proposed as alternatives due to their superior ionic conductivity and
TEC compatibility with other cell components. However, at operational temperatures,
Ce4

+ ions in ceria may reduce to Ce3
+ ions at the anode, resulting in an electronic conduc-

tivity and short-circuiting, which compromises cell performance [48–50].

Recently, magnesium-doped lanthanum gallate (LSGM:LaxSr1−xGayMg1−yO3−δ) has shown
promise as an electrolyte material for intermediate-temperature SOFCs. LSGM exhibits
excellent ionic conductivity, attributed to the oxygen vacancies in the perovskite struc-
ture of lanthanum gallate (LaGaO3) doped with strontium and magnesium. Additionally,
LSGM demonstrates a TEC compatible with other SOFC components, making it an at-
tractive alternative for intermediate temperature applications [51].

Anode: The primary function of the anode material in an SOFC is to catalyze fuel oxi-
dation and facilitate the conduction of electrons generated during the oxidation process to
the external circuit [52]. Therefore, an ideal anode material should possess high catalytic
activity for fuel oxidation, excellent electronic conductivity to transport electrons and suf-
ficient ionic conductivity for conducting oxide-ions [53, 54].

Nickel is widely recognized as an effective anode material due to its economic viability, high
electronic conductivity and catalytic activity for hydrogen oxidation. However, its high
TEC makes it mechanically incompatible with common electrolytes like YSZ. To address
this, nickel is typically dispersed over yttria-stabilized zirconia (YSZ), forming nickel–YSZ
(Ni–YSZ), the most commonly used anode material [55]. Recent studies have also high-
lighted nickel doped with gadolinia (Ni–CGO) as a promising alternative, particularly for
intermediate-temperature SOFC applications [56].

Ni-YSZ electrodes typically face challenges like sulphur poisoning and carbon deposition,
which adversely impacts electrochemical performance. Nevertheless, Ni–YSZ is the state-
of-the-art anode for high-temperature SOFCs because of its excellent electrochemical
activity and mechanical stability. For intermediate-temperature SOFCs, Ni–CGO is an
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optimal choice due to its lower carbon deposition but is mechanically less robust compared
to Ni–YSZ [57]. While the anode plays a crucial role in SOFC operation, its role in
determining overall cell performance is generally less significant compared to the cathode
and electrolyte.

Interconnect: Interconnects provide electrical contacting between cells, along with their
role of separating fuel from air. Typically, an interconnect contains excellent oxidation
resistance, electrical conductivity, good thermal conductivity and compatible TEC with
other cell components.

Metallic interconnects may form a layer of alumina (Al2O3) or chromia (Cr2O3) to pro-
vide oxidation resistance under operating conditions. Cr-based oxide alloys like Ducrolloy
(Cr5Fe1Y2O3) operate at high temperatures. Moreover, it shows good oxidation resistance
and has a comparable TEC with other SOFC components. However, excessive of chromia
scales results in high area specific resistance (ASR) which limit its use. Alternatively,
Fe-Cr-based alloys exhibit higher ductility and lower cost as compared to Cr-based alloys.
Fe-Cr-based alloy like ferritic stainless steel, with an optimum Cr-content of 17%-25%,
shows good oxidation resistance and electrical conductivity. Lastly, they have a compat-
ible TEC as other SOC components making them a good choice for SOFC interconnects.
Furthermore, Ni-Cr-based alloys exhibit excellent oxidation resistance and electrical con-
ductive oxide scales, but are limited for application, due to their high TEC compared to
other cell materials. One exception is Haynes242, which has a TEC that matches well
with LSM and Ni-YSZ electrodes. Moreover, the formation of a fast-growing nickel oxide
layer (NiO) is effective against Cr migration.

Cr-containing alloys show two limitations which are, Cr2O3-scale growth which increases
resistance and evaporation of Cr from interconnects causing poisoning of the cathode.
Both these limitations must be considered while considering Cr-based alloys as intercon-
nects. [58–60].

2.1.3 Types of SOC designs

Over the recent years, two types of SOC designs have been widely developed, which are
planar and tubular designs [61].

Planar design: These are the most widely manufactured SOFC design due to their
planar structure which provides robust manufacturing capabilities. The planar design
may be subdivided into:
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• Self-supported

• External supported

In the self supported design, the cathode, anode or the electrolyte may be used as the sup-
porting layer and is generally thicker compared to the other layers to provide mechanical
stability for the cell. In the external supported SOFC design, a thick porous substrate or
metal may be used as support [62]. A schematic of the aforementioned designs are shown
in Figure 2.2

Based on certain observations made in recent works for self supported cells, the overall
performance may generally be improved by reducing the thickness of the support. The
performance of an electrolyte-supported SOFC is most sensitive to the thickness of the
electrolyte as it has higher attenuation to ions passing through it. Whereas, for the designs
with thicker electrodes, the difficulty lies in the passage of fuel or oxidizer which results
in loss of performance. As electrode supported cells have thin electrolytes, the ohmic
losses are significantly reduced and the operational temperatures may be lowered which
increases the lifetime of the stack [63,64].

Externally supported cells have benefits in terms of mechanical strength, along with ex-
cellent electrical conductivity and high thermal conductivity which causes faster start-up
time of cell. For a metal supported cell, the thermal expansion coefficients of the metallic
support match closely with other fuel cell materials like YSZ, Ni-YSZ etc. which is ben-
eficial against the effects associated with thermal cycling.

Figure 2.2: Schematic illustrating common types of planar SOFC designs (sketches are
not to scale)

Tubular design: The tubular designed SOFCs are known to enhance the volumetric
power densities compared to its planar counterpart. Like the self-supported planar design,
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the tubular design also has cathode-, anode- and electrolyte-supported configurations
of SOFCs. For the tubular design, the volumetric power density is dependent on the
cell diameter, which is reduced to enhance performance. However, this also depends on
the compatibility with the overall robustness of the supporting material. The anode-
supported cell is the most widely used variant for tubular SOFCs due to the difficulty in
manufacturing electrolyte- and cathode- supported cells. Moreover, anode materials are
generally cheaper than cathode, therefore, the anode-supported design is an attractive
choice in terms of manufacturing cost. The tubular design was first invented by Siemens-
Westinghouse SOFC company which was a cathode supported design on 1.8 m long tubes
of about 2 cm in diameter [65–68].

2.1.4 Current-voltage characteristics
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Figure 2.3: I-V characteristics for a SOFC

An ideal SOFC, in theory may be modeled to be a constant voltage source which is not
the case based on the I-V characteristics of real SOFCs. The open circuit voltage (OCV)
of a single cell is typically in the range of 1-1.2 V, however, when connected to an external
circuit, this value drops sharply. Figure 2.3 shows the I-V curves for a cell in practice,
wherein, it may be seen that the current density increases as the voltage drops almost
linearly. This behavior attributes to the internal resistances caused by various components
of the cell and may be referred to as Ohmic Polarization. However, at lower and higher
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current values, other losses become more significant. At lower currents, the activity of
chemical reactions are slower, limiting the electrical output. This form of loss is referred to
as Activation Polarization. Conversely, at high current values, a reduction in the efficiency
of gas exchange leads to a drop in voltage, which occurs primarily due to increasing
presence of by-products like water. This form of loss is referred to as Concentration
Polarization.

The overall performance of the SOFC depends on these losses. Therefore, during appli-
cation, the electrical loading densities should be chosen to operate the cell in the optimal
range of current densities.

2.1.5 Design of solid oxide cell repeat unit

A schematic of a solid oxide cell (SOC), adapted from the design of Ceres Power Lim-
ited [69–71] is shown in Figure 2.4, which illustrates the key components of this SOC
system. These components include the metallic interconnect, substrate, anode-cathode-
electrolyte layers (collectively referred to as the cell) and fuel gaskets. In a typical stack
with such kind of design, fuel is introduced through one of the fuel ports and exits through
the other, ensuring a steady-state fuel flow within the gas-tight channel formed between
the interconnect and substrate across the active area. The metallic substrate plate con-
tains holes that allow fuel to reach the anode, where the electrochemical reaction occurs.
The stack is generally exposed to air, enabling a second electrochemical reaction at the
cathode. To ensure smooth operation and prevent leakage, air-tight gaskets seal the fuel
ports, separating the fuel from air [72].

For the functionality of the cell, the electrochemical reaction at the cathode generates
oxygen ions due to the supply of electrons through the metallic interconnect. The oxygen
ions are transported through the solid-state electrolyte onto the anode, where they react
with the oxidized hydrogen to form water, while the free electrons are transported through
an external circuit onto the cathode, generating electricity. The electrons are collected by
the cathode bulk at each repeat unit through the metallic interconnect, which causes the
reduction of oxygen from the atmosphere [73–76].

The metallic interconnect is the component of primary interest for this work and has two
critical roles. Firstly, it forms a compartment that separates the air from fuel, with its
design optimized to ensure uniform fuel distribution across the active area. Secondly,
it establishes electrical contacts with the cathode bulk by locally supplying electrons to
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Figure 2.4: Schematic of a standard repeating fuel cell unit and definition of the repre-
sentative volume element.

the cathode from the external circuit [77–80]. Uniform contacting in the active area
is considered as one of the critical features of the interconnect for the SOC stacking
system [81]. This is because, during operation, free electrons for the reduction reaction
at the cathode are supplied by the interconnect. Due to the high in-plane resistivity of
the cathode bulk, these electrons must be supplied locally across the active area by the
interconnect, therefore it is important to have good contacting in all regions of the active
area to avoid excessive ohmic losses [82,83].

Given the overview of SOC components and their functionalities, it is common to use fi-
nite element methods to evaluate mechanical robustness of the stack from an engineering
perspective [84–86]. Here, the focus is to gain insights into the contacting configura-
tion and the distribution of contact pressure across the active area of the stack. There-
fore, a detailed discussion on the fundamentals of continuum mechanics, which is nec-
essary to model materials in the finite element framework, is carried out in the next
section.

2.2 Fundamentals of continuum mechanics

This section briefly gives an overview on general concepts of continuum mechanics which
is essential for building up a constitutive material model. This section refers to the
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following literature which provide a fundamental background of continuum mechanics [87–
92]. First, we start by deriving stress and strain from basic principles of motion in the
next subsection.

2.2.1 Kinematics

x

u = y(x, t)
y

y = y(x, t)

Ω

Ωt

O

Figure 2.5: Undeformed and deformed configuration of an arbitrary material

Consider a body in Figure 2.5 in its undeformed state occupying a region Ω in 3-D space R3

located at position x from the origin O. At time t, the body occupies a new configuration
Ωt under the influence of motion, which can be expressed mathematically using a vector
valued function y = y(x, t). The resulting displacement from initial to final configuration
may be represented as,

u(x, t) = y(x, t)− x (2.2.1)

Now, let us consider two material points in Ω with reference to position x by defining
vectors ∆x and δx, as shown in Figure 2.6. In the deformed configuration, ∆x is mapped
onto ∆y such that, y = ∆y(x + ∆x) − y(x). Similarly, δx corresponds to δy such
that, δy = y(x + δx) − y(x), which can be expressed using Taylor’s expansion as,

∆y = ∆x+ ∇u∆x+ o(|∆x|)
δy = δx+ ∇uδx+ o(|δx|)

(2.2.2)

where o(|δx|) and o(|∆x|) are higher order terms. On considering the difference of the
product of these material points in the deformed and undeformed states,

∆y.δy−∆x.δx = (∇u∆x).δx+ (∇uδx).∆x+ (∇u∆x).(∇uδx) + o(|δx|2 + |∆x|2)

(2.2.3)
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Upon simplifying the above expression, we get the definition of strain in terms of the
displacement field which may be defined as,

ε(u) =
1

2
[∇u+ (∇u)T + (∇u)T .∇u] (2.2.4)

x

x+ ∆x

x+ δx
y

y + ∆y
y + δy

Ω Ωt

Figure 2.6: Undeformed and deformed configuration of the material body for the definition
of strain

In the context of small strains, the higher order term (∇u)T .∇u may be neglected and
Equation 2.2.4 takes the form,

ε(u) =
1

2
[∇u+ (∇u)T ] (2.2.5)

Along with strain, an accompanied volume change ∆V is associated for any material. The
volume change between the undeformed state Ω and deformed state Ωt may be expressed
as,

∆V = Vt − V =

∫

Ω

(J(x)− 1)dx (2.2.6)

where, J may be defined as the Jacobian. On considering infinitesimal deformation, the
change in volume takes the form,

∆V =

∫

Ω

divudx (2.2.7)

2.2.2 Cauchy’s Stress Theorem

Consider a part Ω′ as a subset of body Ω and is bounded by a surface ∂Ω′, as illustrated
in Figure 2.7. In the deformed configuration of this body, we introduce the stress vector
t which acts on an infinitesimal surface element da of ∂Ω′. This stress vector t represents
the force exerted by the surrounding material of the body Ω onto the portion Ω′. Ac-
cording to the Cauchy stress theorem, the stress vector t at any point on the surface ∂Ω′
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Ω

Ω′

∂Ω′

da

x

t

n

Figure 2.7: Continuum material experiencing a body force in the form of traction t on
infinitesimal surface area da

depends linearly on the outward unit normal vector n to the surface, which is given by:

t = σ(x, t).n (2.2.8)

where σ is the Cauchy stress tensor that characterizes the internal forces within the
material [93, 94].

2.2.3 Thermodynamic considerations

Having defined strain and stress from the fundamental principles of motion and displace-
ment, we can now proceed to derive the balance laws of thermodynamics. These balance
laws provide a foundation for the dissipation inequality, which is essential for formulating
elastoplastic theories of materials. This framework allows the derivation of constitutive
models within the thermodynamic framework, which can be used to model complex ma-
terial behavior. [95–102].

Balance of mass: We begin with the balance of mass, which states that the total mass
of a portion of closed system Ω′ with volume V remains constant over time t. This
principle ensures that mass is conserved throughout any physical process, which forms a
fundamental aspect of continuum mechanics and thermodynamics. It can be expressed
as,

d

dt

∫

Ω′
t

ρtdVt =
d

dt

∫

Ω′
JρdV = 0 (2.2.9)

where ρ is the density, J is the Jacobian defined in the previous section.

Balance of linear momentum: The balance of linear momentum states that the time
rate of change of the linear momentum of the volume Ω′ is equal to the sum of the external
forces acting on the body. This principle reflects Newton’s second law and is fundamental
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in describing the motion and deformation of continuous bodies under the influence of
external forces. It can be expressed as,

d

dt

∫

Ω′
ρu̇dV =

d

dt

∫

Ω′
bdV +

d

dt

∫

∂Ω′
tds (2.2.10)

where ρ is the density, u̇ is the velocity, b represents body forces, and t denotes surface
tractions. This balance of linear momentum can be reduced to a differential form using
the divergence theorem and assuming that the integrals hold for any arbitrary volume Ω′.
The resulting equation is:

divσ + b = ρu̇ (2.2.11)

Balance of angular momentum: The balance of angular momentum states that the
time derivative of the moment of linear momentum of Ω′ must be equal to the sum of
the moments of the forces acting on the body with respect to the same point. With-
out loss of generality of Equation 2.2.10, upon taking the moment with respect to the
origin with x representing the position vector, and the equation may be expressed as:

d

dt

∫

Ω′
x× ρu̇dV =

d

dt

∫

Ω′
x× bdV +

d

dt

∫

∂Ω′
x× tds (2.2.12)

which results in the conclusion that the Cauchy stress tensor must be symmetric. For an-
gular momentum to be conserved, the internal moments generated by stress must balance
out taking the form:

σ = σT (2.2.13)

Balance of energy: The first law of thermodynamics, or the energy balance law, can be
expressed for any volume Ω′ of the body Ω, bounded by surface ∂Ω′ and states that the
time rate of change of internal energy and kinetic energy within Ω′ is equal to the sum of
the rate of mechanical work done on the part by external forces and the heat supplied to
Ω′. In mathematical form, this can be written as:

d

dt

∫

Ω′
(e+

1

2
ρu̇2)dV =

∫

Ω′
b.u̇dV +

∫

∂Ω′
t.u̇ds+

∫

Ω′
rdV −

∫

∂Ω′
q.nds (2.2.14)

where, ρ is the mass density, e is the internal energy, u̇ is the velocity, t is the traction
vector, q is the heat flux across the surface ∂Ω′, r is the heat supply per unit volume.
On simplifying Equation 2.2.14 by incorporating the definition of stress and using the
balance of linear momentum, we arrive at a more compact form of the energy balance.

ė = σ : ε̇+ r − divq (2.2.15)

Balance of entropy: For a body with entropy η and temperature greater than absolute
zero T > 0, the second law of thermodynamics states that the rate of change of entropy
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in the body in not less then the total entropy supplied to the body through heat. This
may be mathematically formulated as:

d

dt

∫

Ω′
ηdV ≥

∫

Ω′
T−1rdV −

∫

∂Ω′
T−1q.nds (2.2.16)

On simplifying Equation 2.2.16, we can express it in the form,

η̇ ≥ −div(T−1q) + T−1r (2.2.17)

Also known as the Clausius Duhem form of the second law of thermodynamics.

In elasticity and elastoplastic theories, it is customary to work with the Helmholtz free
energy ψ instead of internal energy which is defined as ψ = e − ηT . Upon substituting
this into Equation 2.2.15 and Equation 2.2.17 we get,

ψ̇ + ηṪ − σ : ε̇+ T−1q.∇T ≤ 0 (2.2.18)

which is called the local dissipation inequality. To generalize this relation to a purely
mechanical setting, we assume isothermal conditions along with no heat flow within
the body and no heat supply from outside. And Equation 2.2.18 reduces to the form,

σ : ε̇− ψ̇ ≥ 0 (2.2.19)

which motivates the definition of stress in the thermodynamic setting as

σ =
∂ψ

∂εe
with

(
∂ψ

∂εe
− σ

)
: ε̇ ≥ 0 (2.2.20)

The linearly elastic material is recovered assuming that the elastic part of the free energy
ψ(εe) is a quadratic function of strain in the form,

ψ(εe) =
1

2
εe : CCC : εe (2.2.21)

where, CCC is the elasticity tensor with major and minor symmetries of the form Cijkl =

Cklij = Cjikl = Cijlk and εe is the elastic component of strain. Upon decomposing the total
strain rate ε̇ into its kinematic constituents and substituting them into Equation 2.2.19,
the sum of dissipative components such as inelastic strains εie may be expressed in the
form of the reduced dissipation inequality.

σ : ε̇ie ≥ 0 (2.2.22)

The condition given in Equation 2.2.22 must be fulfilled for all loading cases.
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2.2.4 Theory of plasticity

For the small strains in plasticity theory, the total strain in a body is usually decomposed
into a recoverable elastic strain εel and a dissipative plastic strain εp, which is written in
the form,

ε = εel + εpl (2.2.23)

As an immediate consequence of solving the local dissipation inequality in Equation 2.2.19,
we see that, the elastic strain tensor is related to the Cauchy stress tensor,

σ = CCC : εel (2.2.24)

On considering plasticity, the allowable permissible stress is restricted to a domain S
which can be defined using a yield function φ(σ),

S = {σ | φ(σ) ≤ 0} (2.2.25)

where, the yield function forms the boundary of domain S called the yield surface. We
can also define an elastic domain E as a subset of S, where the material exhibits elastic
behavior,

E = {σ | φ(σ) < 0} (2.2.26)

With the definition of the elastic domain E , the onset of plasticity occurs when the stress
is on the yield surface φ(σ) = 0, rendering the condition φ(σ) > 0 as not permissible.
The theory of maximum plastic work, is a commonly used postulate in plasticity theory
which infers that the domain S is convex. Moreover, it also infers that the evolution of
stress is always normal to the yield surface. Upon defining the conditions for plastic strain
to occur, it is necessary to define evolution equations for plastic flow also known as the
flow rule.

ε̇pl = ε̇plN with N =
∂φ

∂σ
(2.2.27)

where ε̇pl is defined as the plastic strain rate multiplier and N is called the flow direction.
Having a non-zero plastic multiplier (ε̇pl > 0) implies that the stress is on the yield
surface (φ(σ) = 0) and vice versa. This gives rise to complementary condition called the
consistency condition: φε̇pl = 0. Together these are called the Kuhn-Tucker conditions
and can be summarized as,

φ ≥ 0, ε̇pl ≥ 0 and φε̇pl = 0 (2.2.28)

It is usually common to assume a yield function φ(σ) based on the requirements of the
model. A widely used yield function is the von Mises yield criteria which is based on the
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assumption that the threshold of elastic behavior is determined by elastic shear density
and is expressed as:

φ(σ) =
√

(σ11 − σ22)2 + (σ22 − σ33)2 + (σ11 − σ33)2 + 6σ2
12 + 6σ2

23 + 6σ2
31 (2.2.29)

with its tensorial form,

φ(σ) =

√
1

2
σ : PPP : σ (2.2.30)

where PPP is a fourth order deviatoric projection tensor of the form PPP = III− 1
3
1⊗ 1 where

Iijkl = 1
2
(δikδjl + δjkδil). For anisotropic plasticity, PPP is replaced with a Hill-type tensor MMM

which modifies this yield criteria and defines an anisotropic yielding structure. The von
Mises yield criteria considers no accompanied volume change during plastic deformation
which is observed in metal plasticity [103–107].

With this the fundamental framework of the constitutive theory of plasticity is complete.
These fundamentals will be used in Chapter 5 to develop a constitutive material model
for the current work.

2.2.5 Computational Homogenization

In this subsection, fundamentals of computational homogenization which is a technique for
model reduction, is discussed referring to the following literature [108–112].

Scale separation:

A medium may be defined by a periodically repeating unit volume that is representative of
the bulk volume. If the dimensions of the periodic unit volume are small enough compared
to the dimensions of the macroscopic bulk volume, then a separation of scales may be
assumed by considering two scales expressed as:

• The macroscopic scale defined by macroscopic or global coordinates denoted by x̄.

• The microscopic scale defined by the microscopic or local coordinates denoted by x.

The separation of scales (x̄ >> x) assumes the microscopic representative unit volume as a
macroscopic material point. Thus, at the macroscale, the heterogeneous, complex geomet-
ric structure of the microscopic unit volume may be represented by a simpler, homogenous
structure, which has an averaged equivalent material response.

Connection between scales:
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For linking the micro- and macro-scale equations, a connection between scales must be
established over time t. To achieve this, computational homogenization suggests the
volume averaging of the microscopic stress σ and strain ε fields to obtain their macro-
scopic counterparts (σ̄ and ε̄). Moreover, it may be shown using the divergence theo-
rem that the stress and strain averages within a unit cell comprised of volume V are
connected to the traction and displacement vectors applied at their boundaries ∂V :

σ̄(x̄, t) =
1

V

∫

V

σ(x̄,x, t) dV =
1

V

∫

∂V

σ(x̄,x, t).n(x)⊗ x dS (2.2.31)

ε̄(x̄, t) =
1

V

∫

V

ε(x̄,x, t) dV =
1

V

∫

∂V

(u(x̄,x, t)⊗ n(x) + n(x)⊗ u(x̄,x, t)) dS

(2.2.32)
where n is the outward normal at each point on the boundary of the unit cell (∀x ∈
∂V ).

Periodicity:

When assuming periodicity within a unit cell for a strain driven problem, it is implied
that the displacement vector u for a microscopic material point denoted by Q(x̄,x) may
be expressed additively as,

u(x̄,x, t) = ε̄(x̄, t).x+ u′(x̄,x, t) + u0(x̄, t) (2.2.33)

In Figure 2.8, the affine part of the local displacement is related to the macroscopic strain

u(x̄, x, t) ε̄(x̄, t) · x u′(x̄, x, t)= +

Figure 2.8: Displacement field as a sum of an affine and periodic fluctuation

ε̄ and the periodic fluctuations within the unit cell are given by u′. The last term in Equa-
tion 2.2.33, denoted by u0 represents the rigid body motion as a consequence of the micro-
scopic problem which is reflected in the macroscopic problem.

The periodic fluctuations u′ have the same magnitude on opposite boundaries of the unit
cell denoted by x+ve and x−ve and may be expressed as,

u′(x̄,x−ve, t) = u′(x̄,x+ve, t) with (x−ve,x+ve ∈ ∂V ) (2.2.34)
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On substituting Equation 2.2.33 in Equation 2.2.34,

u′(x̄,x−ve, t)− u′(x̄,x+ve, t) = ε̄(x̄, t).(x+ve − x−ve) (2.2.35)

The local microscopic strain field under the periodicity assumption may be expressed as,

ε(x̄,x, t) = ε̄(x̄, t) + ε′(x̄,x, t) (2.2.36)

where,

ε′(x̄,x, t) =
1

2

(
∇xu

′(x̄,x, t) + (∇xu
′(x̄,x, t))T

)
(2.2.37)

and ε′ is the local microscopic strain induced by period fluctuation u′, which implies,

1

V

∫

V

ε′(x̄,x, t) dV =
1

2V

∫

∂V

(u′(x̄,x, t)⊗ n(x) + n(x)⊗ u′(x̄,x, t)) dS = 0 (2.2.38)

to establish a compatibility between Equation 2.2.33 and Equation 2.2.32. With this,
Equation 2.2.36 has the physical interpretation that the microscopic strain is equal to the
macroscopic strain.

Solution of the microscale problem:

The solution of the microscale constitutive problem defines the macroscopic constitutive
behavior of the representative unit volume and consequently, individual material points
in the macroscale problem. Conversely, for a loading on any macroscopic material point,
the microscopic loading may be determined by resolving the load on the microscopic unit
cell problem.

Solution of the macro-scale problem:

The macroscopic problem is treated as a normal mechanical analysis, where every material
point in the macroscopic problem may be treated as the equivalent material behavior
obtained from the microscopic problem.

2.3 Summary

A brief overview on all the necessary areas addressed and methodologies used for this work
is outlined in this chapter. Firstly, a detailed overview of the working principles of the
SOC was shown. Alongside, the required components and performance indicators were
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reviewed. Lastly, the SOC design relevant for this work was highlighted and the challenge
of homogenous contacting problem was introduced.

To address this challenge, finite element method is an efficient tool which is derived from
the fundamentals of continuum mechanics. These fundamentals form the basis of building
material models which is vital for mechanical simulations. However, based on the current
state of the art, large computational times pose a challenge in using these approaches
for SOC stack simulations. This is addressed here using computational homogenization.
This apporach along with the knowledge from the stated literature is used to synthesize
new methods to perform detailed mechanical simulations for SOC stacks with practical
computational times.



3 Experimental derivation of
material data

In the previous chapter, a schematic layout of the components within an SOC was pre-
sented, alongside a discussion of their functionality and general working principles. As
outlined in Chapter 1, the objective of this research is to model mechanical contact pres-
sures between repeat units to estimate the area specific resistance (ASR) within a stack
during operation. To do so, finite element methods are employed in the current chapter.
A finite element model is developed to simulate the components under investigation with
an aim of replicating experimental conditions.

The primary focus of this chapter is to perform suitable tests to derive accurate material
parameters and then validate the finite element model against experimental results. To
achieve this, mechanical compression tests are performed on individual interconnect con-
tacts to evaluate the stiffness behavior of the interconnect and its coating material. The
data obtained from these tests motivate further investigation of material data which is
then used to construct a finite element model. This model is then validated against ex-
perimental results and serves as a foundation for further analysis in subsequent chapters.
Additionally, the mechanical stability of the metallic interconnect is evaluated for thermal
and rate-dependent boundary conditions to estimate its behavior during operation. The
resulting material data is incorporated into the finite element model, making sure that it
accurately reflects the specified test conditions.

3.1 Process steps in the life-time of a single SOC

contact

This chapter focuses on analyzing individual SOC interconnect contacts. Therefore, it
is essential to have an overview on the various loading conditions that a single SOC
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contact may encounter during its life-time. These conditions may span from manufac-
turing to operation and are summarized in three stages, as depicted schematically in
Figure 3.1.

Initially, the loading on an SOC contact begins at state 0, as depicted in Figure 3.1(a).
During stacking of repeat units, the contacts are mechanically compressed at room tem-
perature, driven by the strain shown in Figure 3.1(a), leading to stress state 1, highlighted
in Figure 3.1(c). After mechanical loading, the strain is held constant and the stack under-
goes a temperature increase from room temperature to operational temperature as shown
in Figure 3.1(b). During this stage, the stress path may be visualized in Figure 3.1(c)
which suggests that the contact may initially be within the elastic domain at room tem-
perature, however, significant temperature increase may cause a reduction in the yield
limit, leading to onset of plasticity and a consequent decrease in stress to state 2. During
operation, viscous effects such as relaxation may further reduce stress state over prolonged
time periods. This transition from stress state 2 to stress state 3 is shown schematically
in Figure 3.1(c), where it may also be noted that the time scales for this loading step
are considerably longer than for mechanical and thermal loadings. The rate of relaxation
seen in this loading step is influenced by the stress state at the end of thermal loading at
state 2.

These stages summarize the stress states during the loading steps in the life-time of an
SOC contact in Figure 3.1(c). They can be classified according to their driving parame-
ters:

• Assembly at Room Temperature: The primary driving parameter is strain
during mechanical loading from state 0 to state 1.

• Temperature Ramp-Up: Temperature acts as a driving parameter causing a
change in stress from state 1 to state 2.

• Operation: Time acts as the driving parameter, causing a stress relaxation over
large time-scales from state 2 to state 3.

This schematic characterizes the influence of different driving parameters on the stress
state which will be explored in more detail in the subsequent sections.
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(a) Strain over time

(b) Temperature over time

(c) Stress over time

Figure 3.1: Process steps in the life cycle of an SOC contact



28 3.2. Mechanical compression tests on single contacts

3.2 Mechanical compression tests on single contacts

With the overview of the various components and loading conditions on SOC contacts, this
section focuses on evaluating the mechanical properties of the interconnect. The intercon-
nect plays a crucial role in the compression system of an SOC stack due to its corrugated
geometry and its critical functionality of current collection. Therefore, it is essential to
understand the compression behavior of a single interconnect contact. In order to gain a
complete understanding of the compression system at the stack level, this section exam-
ines the compression behavior of individual interconnect contacts. Due to its periodically
repeating structure in the active area, these investigations provide fundamental insights
regarding the stack compression behavior as a whole.

A metallic interconnect is typically a corrugated structure produced through sheet metal
forming processes and is illustrated in Figure 3.2(a) [113]. These interconnects are gener-
ally composed of Crofer 22 APU and consist of several hundred contacts that form the ac-
tive area of the cell [114,115]. These contacts are usually coated with a material, as shown
in Figure 3.2(b), designed to prevent corrosion or reduce contact resistance [116–119]. In
this case, the coating is a soft, porous material whose mechanical properties are considered
important for the stack compression system.

(a) Metallic interconnect (b) Coating

Figure 3.2: Metallic interconnect and coating

Mechanical testing

In order to perform mechanical compression tests on individual contacts, the interconnect
is clamped on a test-bench and is compressed at individual contacts using a mechanical
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pressing tool. The applied force is gradually increased over the duration of the compression
cycle until a target reaction force is reached. The reaction force and displacement of the
mechanical press is recorded over time and plotted for each test.

The objective of this test is to characterize the elastoplastic deformation behavior of single
interconnect contacts and their coatings. There are two types of samples considered for
the tests: 1. Uncoated contacts and 2. Coated contacts. After running the compression
routine for several samples, the normalized force and normalized deformation responses
are recorded from the tests and plotted in Figure 3.3(a) for the uncoated contact and in
Figure 3.3(b) for the coated contact.
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(a) Force-Deformation behavior of a single un-
coated interconnect contact
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(b) Force-Deformation behavior of a single
coated interconnect contact

Figure 3.3: Mechanical compression test for single interconnect contacts

It may be noted that the resulting force-deformation relations obtained from each test was
very repeatable and showed negligible variance. Upon comparing the force-deformation
relations in Figure 3.3, a typical elastoplastic behavior of the coated and uncoated inter-
connect contacts are observed.

Moreover, there is a clear distinction observed between the coated and uncoated contacts.
Initially, a linear elastic response is observed until a normalized force of 0.6 is reached,
beyond which the onset of plasticity is seen. The magnitude of plastic deformation may
also be apparent in the unloading curve. Additionally, the coated interconnect contact
exhibits an initial non-linear response until a normalized deformation of approximately
0.2 is reached, unlike the uncoated contact. This exponential increase in stiffness may
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be attributable to the porous nature of the coating material as its pore-density tends to
decrease with applied deformation.

In summary, the mechanical testing characterizes the elastoplastic response of the metallic
interconnect and potentially suggests an exponential stiffness behavior for the porous
coating. These effects may be distinctly characterized on comparing the force-deformation
relations of the uncoated and coated interconnects in Figure 3.3(a) and Figure 3.3(b).
Along with the force-deformation relations of the mechanical tests, the 3-D image data
of these samples were analyzed before and after the mechanical tests, which is seen in the
next subsection.

Verification of image data

In addition to mechanical tests mentioned in the previous subsection, 3-D image data of
the contacts were captured before and after the deformation using a high-precision mea-
surement device called ALICONA InfiniteFocus. The images produced spatial data pixels
representing the contacts under investigation. This data was post-processed in MATLAB,
a commercially available software, to create contours and generate corresponding surface
profiles of the contacts. The data was fitted to a second-degree polynomial function which
represents the profile of a single contact, as shown in Figure 3.4(a). The residuals from
the fit polynomial projects the curved surface of a coated contact as a plane. It represents
the deviation of the data pixels from the fitted curve, effectively characterizing the surface
roughness of the coating as a plane. The resulting contours are shown in Figure 3.4(b)
and Figure 3.4(c).

Upon comparing the contours for a single contact before the test in Figure 3.4(b) and
after the tests in Figure 3.4(c), the indented portion of the contact is distinctly visible
after indentation. A profile of the coated surfaces before and after the test is shown
in Figure 3.4(d). The data indicates that the deformation in the coating is comparable
to the initial non-linear deformation recorded during the tests. This suggests that the
initial exponential stiffness observed in Figure 3.3(b) is attributable to the deformation of
the coating. Furthermore, in Figure 3.4(d) it is observed that for the given compression
tests, there is no lateral deformation in the coating profile. This indicates a significant
volume change in the deformed state, which is typically compensated by the reduction in
pore-density of the coating. However, due to significant surface roughness and localized
unevenness seen in Figure 3.4(d), a detailed evaluation of the effective coating stiffness is
required and is carried out in the next section.
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(a) Postprocessing of image data: curve-fitting and generating residuals

(b) Profile of the coated interconnect contact
before test

(c) Profile of the coated interconnect contact
after test
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Figure 3.4: Analysis of image data before and after compression tests
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3.3 Evaluation of mechanical behavior of the porous

coating

Upon analysis of image data from the previous section, it is evident that the high surface
roughness and localized unevenness of the soft coating layer poses significant challenges for
the use of conventional analytical methods to evaluate the coating stiffness. Mechanical
tests reveal that the stiffness varies across different locations and is largely influenced by
local surface roughness. Consequently, an effective stiffness may be more accurately eval-
uated using a quantitative approach. To facilitate this, a sheet of coated material was pre-
pared to carry out indentation tests, as shown in Figure 3.5.

Figure 3.5: Indentation experiments for a sheet of coating material

3-D surface images of the sheet profile were captured at the measurement station. Inden-
tation tests were then conducted on the coated surface over a range of applied forces, as
depicted in Figure 3.5. The indentation at each force was repeated six times. Following
the indentation, 3-D image data of the indented coating surface was again measured on the
measurement station and subsequently post-processed in MATLAB.

To evaluate the effective material properties of the coating, the indented and unindented
configurations of the data were compared after appropriate post-processing. The corre-
sponding images before and after one of the indentations are shown in Figure 3.6(a) and
Figure 3.6(b). The effective stiffness can be determined by analyzing the deformation for
each indentation. This was done by fitting the deformed coating profile to an equation
representing the spherical indenter. In the deformed configuration, the data points in close
proximity to the indenter were considered to be in contact with the indenter and were
deformed during the indentation test. Figure 3.6(c) depicts the spherical indenter and the
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(a) Before indentation (b) After indentation

(c) Identifying area indented by spherical indenter

(d) Effective deformation of profile

Figure 3.6: Postprocessing of image data before and after indentation tests
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data points in the deformed configuration of the indentation. Data points with residuals
within a specified limit relative to the spherical indenter’s equation were considered to be
in contact with the sphere during indentation and can be considered as the deformed data
points. Finally, on identifying the deformed profile of the coating, it was segmented and its
corresponding undeformed profile was determined by projecting the deformed area onto
the undeformed area. The segmented deformed and undeformed profiles of the coating
are shown distinctly together in Figure 3.6(d).

For this data set, the deformation for each data point is represented as {x}ni=1 where n
denotes the total number of indented data points for the current indentation. Additionally,
the total force k required for each indentation is known. Based on the force-deformation
behavior seen in Figure 3.3(b), an exponential function may be selected as the stiffness
function and is represented as follows:

f(xi) = aebxi (3.3.1)

where, suitable coefficients a and b need to be determined. To do so, the squared errors
E(a, b) between the sum of forces acting over the data set {x}ni=1 given by, f(xi)× xi and
total force applied on the indent k must approach zero. The error function E(a, b) can be
minimized by optimizing the coefficients a and b of the stiffness function f(x) as follows,

E(a, b) = (
n∑

i=1

aebxixi − k)2 (3.3.2)

On minimizing E(a, b) considering the entire data set of all 36 indentations, the optimized
coefficients of a and b are evaluated. Upon substituting these coefficients in Equation 3.3.1
and resolving the pixel resolution into metric units, the pressure and deformation rela-
tionship for the coating is plotted in Figure 3.7(a). The squared errors for each of the
force is shown in Figure 3.7(b).
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Figure 3.7: Generation of effective coating stiffness function and error

3.4 Calibrating mechanical simulations for a single

contact

Upon evaluating the effective coating stiffness and characterizing the elastoplastic behav-
ior of the metallic interconnect, a finite element model was developed to simulate the
compression of a single interconnect contact. The geometry of the contact was designed
to match the specifications of the Bosch-Ceres Power solid oxide fuel cell, identical to the
samples tested in the Section 3.2. The characterized material data for Crofer 22 APU was
taken from a data sheet of VDMmetals, shown in Table 3.1 [120].

Table 3.1: Material data for metallic interconnect according to VDM Crofer 22 APU.

Temperature(◦C) Young’s Modulus(GPa) Yield strength(MPa)
20 220 277
200 210 194
400 195 181
600 183 127

The stiffness of the coating layer evaluated in Section 3.3 is summarized with the pressure-
closure relationship in Table 3.2.
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Table 3.2: Pressure-closure relation for coating layer.

Pressure (MPa) Closure (mm)
0 0

0.0581 0.0004
0.087 0.001
1.7 0.005

10.41 0.008
80.70 0.011

476.116 0.0137
2137.63 0.0159
5558.8 0.0173

For discretizing the metallic interconnect, C3D8 hexahedral elements were chosen, while
the coating layer was modeled using GK3D8N gasket elements. The gasket material model
was selected due to its ability to accurately represent the exponential stiffness behavior
observed in the coating layer, as shown in Figure 3.7(a). Moreover, the gasket material
model represents plastic deformation in the thickness direction without causing a lateral
strain, therefore, it was optimal for the coating. For the compression test, the arrange-
ment of the interconnect and coating were sandwiched between rigid plates comprised
of R3D4 discrete rigid elements. In order to select the appropriate mesh resolution for
the interconnect contact geometry, a mesh convergence study was performed, which will
be discussed in detail in Section 4.1. The single contact is loaded uniaxially under com-
pression between the rigid plates over a period of one static time-step for a normalized
deformation. The corresponding output parameters were numerically calculated by the fi-
nite element solver. All finite element calculations were done using commercially available
software ABAQUS 2022 [121]. The corresponding normalized force-deformation relation
for the contact was plotted in Figure 3.8 and was compared to the experimental relation
obtained on compressing coated contacts in Section 3.2.

Comparison of the simulation results with experimental tests reveals that the input pa-
rameters and discretization used in the finite element model closely align with experi-
mental tests. This indicates that the material parameters for the coating and the ma-
terial moduli for the metallic interconnect are appropriate for mechanical simulations
of a single SOC contact providing a reliable representation of the addressed phenom-
ena. This model will be taken as a benchmark for further analysis in subsequent chap-
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ters.
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Figure 3.8: Force-deformation relation for experimental tests and simulations

3.5 Calibrating thermal simulations for a single

contact

Following the experimental comparison of the mechanical simulation at room temperature,
the temperature ramp-up loading case is studied in this section. As outlined in Section 3.1,
during this phase, the deformation of the contact is constrained while the temperature is
increased, causing thermal expansion of the contact which in turn causes an increase in
the applied force. With the existing equipment, it was not possible to directly measure the
forces acting on the contact at elevated temperatures. Therefore, instead of holding the
deformation, the force is kept constant during temperature change and the resulting plastic
deformation is evaluated. This forms a basis for validation of the elastoplastic moduli at
elevated temperature for the given loading conditions.

The finite element model incorporates the temperature-dependent elastoplastic properties
of the metallic interconnect as outlined in Table 3.1, as well as the compressed configu-
ration of the coating. As a suitable set of loading conditions, first, the contact is com-
pressed mechanically until a constant target force is achieved. On reaching this force,
the model is then subjected to a temperature increase from room temperature, up to
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operational temperature, while maintaining the constant force. The temperature is then
reduced back to room temperature with the constant force throughout the process. Fi-
nally, the force is unloaded to evaluate the total plastic deformation over the loading
cycle.

The temperature-deformation relation is plotted in Figure 3.9(a). The blue circle in
Figure 3.9(a) shows the plastic deformation at the end of the loading cycle. As stated
in Section 3.1, the increase in temperature leads to a decrease in the yield limit of the
material. When the yield limit falls below the applied stress, it causes the onset of
plasticity. This phenomenon is precisely seen in the temperature-deformation relationship
plotted in Figure 3.9(a).

To validate the simulation results, an experimental setup is designed where a single in-
terconnect contact is compressed at room temperature under a force magnitude corre-
sponding to that used in the simulation. The compressed contact is held under a constant
force and heated in an oven from room temperature to operational temperature. The
temperature at the contact is monitored using a thermoelement over the duration of the
thermal loading. The contact is held at this temperature for a specified period of time and
then cooled down to room temperature. After the thermal loading cycle, the contact is
mechanically unloaded and the plastic deformation is measured by comparing the initial
an final geometric profiles of the contact.
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Figure 3.9: Temperature-deformation relation for experimental tests and simulations

The measured profiles of the contact under thermal loading at constant force, before
and after the test, are plotted in Figure 3.9(b). The corresponding plastic deformation
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obtained from the experiment is projected onto the simulated temperature-deformation
curve shown in Figure 3.9(a) using the red circle. A comparison of the measured and sim-
ulated plastic deformation shows that the simulation results closely aligns with the experi-
mental tests which in turn confirms that the finite element model captures the behavior of
the contact. This provides confidence that model parameters can be used as a benchmark
for subsequent analysis of thermal loading on the contact.

3.6 Calibrating rate-dependent simulations for a single

contact

After validating the model parameters for thermal loading during the temperature ramp-
up phase, the next step is the evaluation of the model under operational conditions. Typ-
ically during operation, the deformation and temperature of the stack are held constant
over extended time periods as outlined in Section 3.1. This prolonged loading conditions
lead to viscous relaxation of the contact forces. However, it is difficult to obtain direct
force measurements under these operating conditions with high temperatures and small
force ranges experimentally, over a single contact.

Table 3.3: Creeping material data

Temperature (◦C) Power law multiplier (A) Eq stress order (n)
600 2.9902E − 13 3.8515

Therefore, instead of measuring the contact forces directly, the model may be alternatively
validated for a constant force while measuring the plastic deformation at the end of the
loading cycle. This allows the model parameters to be tested for the creep behavior.
Although, in practice may be possible, however, the time scales required to obtain the
deformed configuration of a contact is of the order of several thousand hours, which is
experimentally expensive and not feasible for a single contact. Due to the availability
of well characterized material data from several past works and the high reliability on
simulation data for this aspect, the model may be assumed to represent the phenomena
based on Norton creep law ε̇ = A.σn with coefficients A and n mentioned in Table 3.3 [29,
122–125].
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To simulate this behavior, the finite element model of a single interconnect contact was
first loaded mechanically until a nominal target force was achieved. With the force held
constant, the model is subjected to a thermal loading to increase the temperature to
operational levels. The system is then maintained in this configuration over extended
time periods to simulate the creeping effect under operating conditions over a viscous
time step. The resulting deformation over time is plotted in Figure 3.10. This graph
illustrates the gradual creep deformation that occurs under constant load and operational
temperatures. It may be noted that the plot in Figure 3.10 was normalized and the time
scale is in the order of several thousand hours.
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Figure 3.10: Time-deformation behavior on loading a single contact

3.7 Summary

In summary of this chapter, the mechanical loading behavior of the metallic interconnect
and coating was characterized. A finite element model was developed and validated
against experimental tests, demonstrating that the model accurately represents the test
conditions across various loading cases. The goal of this chapter was to construct a model
that closely reflects experimental tests by defining appropriate model parameters for the
applied boundary conditions. From this point on, the model will serve as a benchmark
for further evaluation and development of this work.



4 Modeling approach and
constraints

In the previous chapter, a finite element model was developed for a single SOC contact
and validated against experimental tests for selected loading steps. This chapter initially
focuses on the challenges of modeling SOC stacks within a finite element framework. The
constraints with the significant computational resources required for stack-level simula-
tions is discussed along with highlighting the necessity for model simplification. The
approach proposed in this work uses computational homogenization which is applied to
the previously stated loading cases in the life-cycle of an SOC contact: 1. Assembly at
room temperature, 2. Temperature ramp-up and 3. Relaxation at operational tempera-
ture. After a successful attempt at applying computational homogenization to an ideal
contact, experimental tests are examined, revealing manufacturing non-idealities across
repeat-units. These non-idealities are measured and characterized, disclosing that exist-
ing simulation methods cannot precisely model such tolerances for each contact without
requiring an impractically large computational effort. In the subsequent chapters, the
computational homogenization approach will be further developed to address these chal-
lenges within the finite element framework.

4.1 Requirement for model reduction

In Section 3.4, a finite element model was developed for the mechanical compression of the
metallic interconnect coated with a soft, porous coating layer and was validated against
experimental tests. On comparing the simulated force-deformation behavior with experi-
mental data, the finite element simulation showed a high degree of accuracy in represent-
ing the observed phenomena. Additionally, the model provided valuable insights into the
stress distribution and deformation behavior of a single contact under applied loads, giving
a more detailed understanding of the compression process.

41
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For such kind of accuracy, however, the model required a high level of discretization be-
cause of its complex design and corrugated geometry which in turn requires large compu-
tational resources for completion. This is because the mesh resolution directly impacts the
model’s accuracy for such kind of design and thus, an optimal balance between accuracy
and computational cost must be determined. This is achieved through a mesh convergence
study, which evaluates the number of elements necessary for a fairly accurate finite element
analysis while optimizing computational costs [126–128].

The metallic interconnect contact was discretized using C3D8 hexagonal elements in
ABAQUS 2022, while the soft porous coating was modeled using GK3D8N gasket el-
ements, as described in Section 3.4. In order to assess the model accuracy with dif-
ferent mesh resolutions, five different configurations of discretization were tested: the
model was discretized into 1,692 elements, 5,338 elements, 16,148 elements, 63,225 el-
ements, and 217,292 elements, as shown in Figure 4.1. Each configuration of these
discretized geometries were then subjected to uniaxial compression of 0.05 mm in the
out-of-plane direction, and the corresponding force-deformation responses were plotted in
Figure 4.2.

The results indicate that the initial deformations in the elastic region showed good agree-
ment across all mesh resolutions. However, with increased deformation, a deviation in
the force of about 11% was observed between the coarsest and finest meshes. This de-
viation between configurations diminished as the mesh resolution increased. The config-
uration using 63,225 elements converged closely with the 217,292 element model and is
regarded as the optimal mesh resolution for this study. Consequently, this discretization
was used for all subsequent full-field simulations, including those presented in Chap-
ter 3.

With a discretization of 63,225 elements, the computation time required for the compres-
sion of a single contact was recorded as 01:38:45. While this level of detail is feasible for
modeling individual contacts, it becomes impractical for commercial stack-level simula-
tions because of the use of hundreds of repeat units with each containing thousands of
such contacts. This results in an enormous number of elements leading to excessively long
computational times.

In order to make stack-level simulations more manageable, it is essential to reduce the
number of elements. There have been several approaches in literature to model the me-
chanical robustness of the SOC stack. While some of the simulation approaches still
rely on brute force of computations [26], others may consider a symmetric section of
the stack [27, 129]. Some other models consider a repeat unit as representative of the
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(a) 1,692 elements (b) 5,338 elements

(c) 16,148 elements (d) 63,225 elements

(e) 217,292 elements

Figure 4.1: Discretization of a single coated contact

stack and assume that all non-ideal features for the repeat unit are representative for
the stack [7, 8]. However, most modeling approaches use some form of simplification
to achieve convergence at practical computational run-times. Some recent works con-
sider the homogenization approach [29, 122, 124] and exploit the periodically repeating
structure of the contacts in a stack. This approach called computational homogeniza-
tion is highly efficient and considers the representative volume as a homogeneous con-
tinuum of bulk material. Furthermore, it allows for a reduction in model complexity
while preserving the accuracy of the key mechanical parameters and will be discussed in
Section 4.2.



44 4.2. Practical application of the computational homogenization approach

0 1 2 3 4 5

·10−2

0

5

10

15

Deformation (mm)

F
or
ce

(N
)

1692 elements
5338 elements
16148 elements
63225 elements
217292 elements

Figure 4.2: Mesh convergence study for different geometric discretization

4.2 Practical application of the computational

homogenization approach

The interconnect geometry is a periodically repeating structure in the active area of the
SOC stack and therefore may be exploited for periodic homogenization. The portion of
the interconnect which appears to be periodic is identified as the representative volume
element (RVE) and highlighted in Figure 4.3. The representative unit volume is primarily
comprised of one interconnect contact and its coating. For homogenization in the out-
of-plane loading direction, these components are sandwiched between rigid plates. These
plates comprised of discrete rigid elements are generally limited when setting kinematic
equation constraints at its nodes in finite element solvers, therefore, this geometry is again
sandwiched between non-rigid plates for a consistent set of periodic boundary conditions
as described in Figure 4.3. The non-rigid plates are only placed to link the corner, edge
and face nodes at the top and bottom faces and show no contribution to the stress-strain
response. For in-plane loading, the plates are not included for the kinematic equation
constraints.

Periodic boundary conditions were applied to the representative unit volume referring
to the work of Li et al. [130] and Chatzigeorgiou et al. [131–133]. Based on their work,
kinematic equation constraints were set up on edges, corners and faces of the unit cell.
These were linked to six reference nodes called key degrees of freedom in directions (xx,
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Figure 4.3: Definition of representative volume element

yy, zz, xy, yz, xz). In this approach, nodal displacements at these key degrees of freedom
are equal to the homogenized strains in the corresponding direction. Based on these
nodal constraints, the nodal displacement at the key degree of freedom in any direction
is,

ucddir =
ucddir
ldir

and εdir := ucddir (4.2.1)

where, udir represents the displacement in any given direction (dir), ldir represents the
initial dimension of the RVE in direction (dir) and εdir is equivalent to the homogenized
strain component in that direction. Concentrated forces at the key degrees of freedom
have dimensions equivalent to force times length. Therefore, the nodal force at the key
degree of freedom in any direction (dir) is,

f cddir = fdir.ldir and σdir :=
f cddir
V

(4.2.2)

where, fdir represents the force in any given direction (dir) and ldir represents the initial
dimension of the RVE in direction (dir). On dividing by the volume (V ) of the RVE, σdir
corresponds to the homogenized stress component in that direction. The homogenized
stress is, therefore, equal to the concentrated force at the key degrees of freedom divided
by the volume of the unit cell.

The representative volume is loaded with the stated periodic boundary conditions and
subjected to several loading cases. The loading cases used are corresponding to the pro-
cess steps in the lifecycle of an SOC contact outlined in Section 3.1. In the subsequent
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subsections, these corresponding loading cases are evaluated for a homogenized SOC con-
tact.

4.2.1 Assembly at room temperature

An SOC contact is typically compressed mechanically at room temperature to establish a
mechanical pressure at the contacts. To simulate mechanical loading, the RVE was first
subjected to periodic boundary conditions as demonstrated in Section 4.2 and was loaded
in all the principle directions for a complete anisotropic mechanical loading configuration.
Due to in-plane symmetry of the representative volume, the elastoplastic stress-strain
responses were computed for only four out of the six loading cases. Each of the cases were
loaded with a uniaxial strain of 0.05.

(a) In-plane normal load εxx = εyy (b) In-plane shear load εxy

(c) Out-of-plane shear load εxz = εyz (d) Out-of-plane normal load εzz

Figure 4.4: Von Mises stress distributions in the high-fidelity interconnect model.

The concentration of Von Mises stress in the cross section of the metallic intercon-
nect contact for these loading cases are shown in Figure 4.4. Figure 4.4(a) shows the
case for uniaxial normal loading in the in-plane direction (xx, yy). Similarly, Fig-
ure 4.4(d) shows the uniaxial normal loading case in the out-of-plane direction (zz).
Figure 4.4(b) and Figure 4.4(c) show shear loading cases in the in-plane (xy) and out-
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of-plane (xz, yz) directions. The results for all these loading cases are summarized in
Figure 4.5(a).
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Figure 4.5: Results of computational homogenization

The stress-strain responses showed significant anisotropy between in-plane and out-of-
plane loading directions. Figure 4.5(a) shows that the yield stress in the out-of-plane
direction was about one order of magnitude lower than the in-plane direction. It also
suggests that the interconnect contacts were significantly stiffer in-plane, however, there
is no primary loading in this direction during stacking.



48 4.2. Practical application of the computational homogenization approach

Another important parameter to consider is the volume dilation during uniaxial loading.
This may be observed by examining the relationship between the applied driving strain
with the resulting corresponding strain components for a uniaxial normal loading in Fig-
ure 4.5. Figure 4.5(b) shows the corresponding strains εyy(εxx) and εzz(εxx) resulting from
an in-plane normal loading strain εxx and Figure 4.5(c) shows the corresponding in-plane
strains εxx(εzz) and εyy(εzz) as a consequence of an out-of-plane normal loading strain εzz.
Figure 4.5(c) suggests that the interconnect contacts collapse in the out-of-plane direction
without significant in-plane dilation. Another observation in Figure 4.5(a) suggests that
the normal out-of-plane loading εzz has an initial nonlinear stress response in the out-
of-plane stress component σzz(εzz), which characterizes the influence of the coating layer
discussed in Section 3.2. This behavior is crucial because it is in the direction of primary
loading during the mechanical stack assembly process.

4.2.2 Temperature ramp-up

After the mechanical stacking process, the next loading step in the life-cycle of an SOC
contact is the temperature ramp-up. At this stage, the contact is typically heated up
from room temperature of about 25◦C to operational temperature of 600◦C. During such
a thermal loading, various temperature-dependent parameters such as thermal expansion
and change in elastoplastic moduli come into play and may affect the stress state of the
contacts.

In order to simulate this step, the RVE is first subjected to periodic boundary conditions
outlined in Section 4.2. Then, the RVE is compressed mechanically in the out-of-plane
direction to represent the stacking process to reach a mechanically compressed stress
configuration. The stress-concentration on a single homogenized contact is depicted in
Figure 4.6 and the stress-strain response during this out-of-plane loading, denoted as
σzz(εzz) is plotted in Figure 4.7(a).

Figure 4.6: Thermal expansion of mechanically pressed contact
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Figure 4.7: Results of computational homogenization for temperature ramp-up

During the stacking process, the primary mechanical loading occurs in the out-of-plane
direction and the in-plane yield limit is significantly higher than the out-of-plane yield
limit as shown in Section 4.2.1. Therefore, only the out-of-plane normal case is considered
for the subsequent analysis.

Upon reaching the mechanically compressed configuration, shown in Figure 4.7(a), the
RVE is held in this state by constraining its deformation in the out-of-plane direction.
The RVE is then subjected to a thermal load, where the temperature T is increased
from 25◦C to 600◦C. The corresponding stress σzz(T ) is plotted with temperature in
Figure 4.7(b).

The stress-temperature relationship in Figure 4.7(b) exhibits a highly non-linear behav-
ior. Initially, the stress increases with temperature because the material is within the
elastic domain. However, as the temperature rises, the yield limit of the material de-
creases and becomes lower than the applied stress causing the onset of plasticity. This
is because of the temperature-dependent nature of the yield limit which decreases as the
temperature approaches the operating temperature of 600◦C. Therefore, during temper-
ature ramp-up the stress response shows a transition from elastic to plastic deforma-
tion due to the combined effects of thermal expansion and the onset of plasticity in the
RVE.
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4.2.3 Relaxation at operational temperature

Once the temperature of approximately 600◦C is reached, the contact is held under steady-
state conditions at constant temperature for prolonged time periods during operation. At
this stage, the contacts remain in their current deformation state and a viscous relaxation
occurs over time. This relaxation leads to a reduction in the stress on the contact over
prolonged time scales.

In order to estimate the influence of relaxation on the current stress state, the RVE is
subjected to periodic boundary conditions as described in Section 4.2. The homogenized
stress-state at the start of operation is approximately 3 MPa, which is obtained after the
temperature ramp-up loading step discussed in Section 4.2.2. Figure 4.8 illustrates the
Von Mises stress concentration at a single homogenized contact during operation, at a
constant temperature of 600◦C.

Figure 4.8: Relaxation behavior of contact during operation
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Figure 4.9: Stress-Time response for during operation

The RVE is held in this configuration with fixed displacement and temperature boundary
conditions for a given time duration of 104s using a viscous time step. The evolution
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of the stress σzz(t) in the out-of-plane direction is plotted over time in Figure 4.9. It is
observed that there is a relaxation of homogenized stress response from 3 MPa at the start
of operation to about 0.5 MPa by the end of the time step.

This stress relaxation is a critical aspect of the contact behavior during stack operation.
The reduction in stress influences the mechanical contact pressure at the contacts and
increases performance losses of the stack over its life-time.

4.2.4 Interpretation of results for computational homogenization

In the process of homogenizing interconnect contacts for the various loading cases de-
scribed in Section 4.2.1, Section 4.2.2 and Section 4.2.3, the response for each loading step
is computed in these corresponding sections. This is the homogenized response of the rep-
resentative volume which captures the detailed geometry and material behavior of the in-
terconnect contact and is referred to as the high-fidelity model.

This high-fidelity model may be replaced by a simpler model with reduced geometric com-
plexity and lower mesh resolution which is referred to as the effective model. The objective
of this approach is to fit the stress response behavior of the effective model with that of the
high-fidelity model across all loading-steps and ensure that the effective model provides
an accurate representation of the high-fidelity model with an optimized computational
efficiency. Once the effective model is demonstrated to exhibit equivalent stress responses
to the applied stress drivers across these loading cases, it may be used to represent the
high-fidelity model under similar loading conditions.

Figure 4.10 illustrates the high-fidelity and effective models for the representative volume.
This model simplification technique exploits the fact that the high mesh resolution is an
attribute of the complex geometry which contributes to long simulation times. This
complex geometry may be replaced with an equivalent material response, reducing the
overall computational cost significantly while maintaining a desired level of accuracy in
the average homogenized responses [134–137].

However, the approach suggests that the representative volume may be treated as a
continuum, which implies, the stress is evenly distributed across the active area, in an
ideally designed stack [29, 122, 124, 138]. Although, this may help simplify the analy-
sis, it may not fully capture the real-world scenario with non-idealities. A set of brief
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(a) High-fidelity model
(b) Effective-model

Figure 4.10: Homogenization strategy for model simplification

experimental investigations are looked at in the next Section 4.3. The insights ob-
tained from such tests may motivate the development of more accurate simulation strate-
gies to model the experimentally observed phenomena in the homogenization frame-
work.

4.3 Observations from experimental investigations

Computational homogenization offers a potential solution to the challenge of long sim-
ulation times. However, to verify the suitability of this approach for accurately sim-
ulating the required phenomena, it must be compared with experimental results. To
achieve this, experimental investigations are conducted on the coated metallic intercon-
nect under mechanical loading, providing a basis for comparison with the homogenized
model.

Some studies conducted in literature show experimental investigations using pressure films
to evaluate the contact pressure distribution in the active area [139–143]. In this approach,
a pressure film is placed on the contacting surface and a mechanical compressive load is
applied onto the repeat unit. After removing the load, the imprint on the film serves as a
visual representation of the pressure distribution. The data generated from the pressure
film is subsequently postprocessed to generate a continuous pressure distribution contour.
Figure 4.11(a) and Figure 4.11(b) depict the contact pressure contours for two different
repeat units, tested under identical conditions. The experimental procedure and data
analysis will be discussed in greater detail in Section 8.1.1.
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During these tests, as observed in Figures 4.11(a) and 4.11(b), the mechanical contact
pressure distribution in the active area is inhomogeneous during the mechanical assembly
process, which cannot be captured by the suggested simulation approach in Section 4.2.
Additionally, each repeat unit exhibited a unique contact pressure distribution pattern,
despite identical testing conditions.

(a) Contact patterns: Cell-1 (b) Contact patterns: Cell-2

Figure 4.11: Contact pressure distribution for two cells using pressure film tests

From these observations, two key inferences may be drawn:

• Heterogeneity in the contact pressure distribution within a single repeat-unit may
be due to non-idealities inherent to the repeat-unit.

• The variation in contact pressure distribution between different repeat-units may
be caused by non-repeatability of repeat-units.

These observations point to the presence of non-idealities in the active area of individual
cells, leading to non-uniform contact pressure distributions. Furthermore, the variance in
these non-idealities between manufactured cells may explain the distinct contact patterns
observed in Figure 4.11(a) and Figure 4.11(b). These insights provide a strong basis
to investigate the variability between manufactured components which point to specific
manufacturing parameters that could introduce such a variance in the contact quality
during the mechanical stack assembly process. Once these parameters are identified, the
homogenization approach may be further developed to consider these variances. This
will in turn estimate their effect on the performance and help formulate appropriate
measures.
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4.3.1 Measurement of repeat units

In order to address the non-repeatability of contact distribution patterns observed in Sec-
tion 4.3, interconnects and substrates of several repeat units were analyzed to identify the
parameters contributing to this variance. These components were measured at a mea-
surement station which comprised of scanners that generate a 3-D image of the workpiece
under analysis.

The measurement device, shown in Figure 4.12, consists of two sensors positioned on either
side of the workpiece, operating with the principle of laser triangulation [144]. Measure-
ments are taken from both sides as the sensors move gradually across the spatial plane of
the workpiece and capture height data over the entire surface of the components. This
results in a comprehensive 3-D representation of each component which can be then post-
processed using commercially available software like MATLAB.

Figure 4.12: Measurement of components of an SOC repeat unit

On comparing the measurements of components like interconnects and substrates across
several repeat units, it was observed that the manufactured components exhibit toler-
ances that may influence the contact behavior within a stack. These tolerances can be
categorized as follows:

• Non-flatness of components across repeat units.

• Dimensional tolerances at interconnect contacts.
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These identified non-idealities are inconsistent in individual components and is consid-
ered to be the source of non-repeatability of the contact behavior in the experimental
tests. In the next subsections, these measured non-idealities are looked into in more
detail.

4.3.2 Non-flatness of components

During manufacturing of components, dimensional non-idealities can occur in repeat units
due to various factors associated with the manufacturing processes. One such form of tol-
erance distinctly observed from measurements of several parts is in the flatness profiles
of components, such as substrates and interconnects, which were found to have distinct
profiles. Due to the non-repeatability of flatness profiles among repeat units, the non-
flatness could contribute to the non-repeatability of contact patterns among cells. There-
fore, accurately measuring and quantifying the flatness of each repeat unit is essential.
The measurement station described in Section 4.3.1 scans each component and gener-
ates three-dimensional spatial image. This image is post-processed in MATLAB to fit
an nth-order polynomial function in three dimensional space, to obtain the component
profile, where n is of the order four or five. The equation of this polynomial plane may
be expressed as:

f(x, y) =
n∑

i=0

n−i∑

j=0

aijx
iyj (4.3.1)

where i and j are the powers of x and y with the limiting condition (i+j ≤ n) and aij corre-
sponds to the coefficients which can be determined from a curve fitting routine. The image
data measured on the interconnect and substrate for two such repeat units are fitted on to
Equation 4.3.1 using a 5th degree polynomial function and setting appropriate coefficients.
Their corresponding profiles are plotted in Figure 4.13.

On comparing the profiles of the components of the two repeat units and on measuring
several other components, it was observed that the flatness profiles of each manufactured
component showed no correlation with any other components. This inferred that the flat-
ness profiles for each manufactured component was unique.

On stacking such sheets with varying flatness profiles, the influence of such non-flatness
is expected to affect the contacting configuration in a stack which could in turn be one
of the causes for heterogenous contact pressure distributions. These mechanical con-
tact pressure distributions are known to impact the electrical contact resistance and
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(a) Interconnect Measurement: Cell 1 (b) Substrate Measurement: Cell 1

(c) Interconnect Measurement: Cell 2 (d) Interconnect Measurement: Cell 2

Figure 4.13: Profile measurements of components of a cell (height axis is scaled in com-
parison with length and width)
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thus the performance of the stack. The effect of such profile variability may be inves-
tigated in the finite element framework by characterizing profiles of individual compo-
nents as done in Equation 4.3.1 and understanding their influence on the stacking pro-
cess.

4.3.3 Dimensional tolerances on individual contacts

Along with the non-flatness of components, another non-ideal manufacturing effect seen
was the dimensional tolerances of contacts. Based on several sets of measurement data,
it was seen that the manufacturing processes of the interconnect had tolerances in re-
peatability of the contact dimensions in the active area. Of these tolerances, particularly
the height dimension was considered critical for electrical contacting and needed to be
investigated.

In order to do so, the 3-D spatial data obtained from the measurement station described
in Section 4.3.1 was postprocessed so that the flatness profile is fit onto the 5th degree
polynomial function as described in Section 4.3.2. Upon isolating the effects of non-
flatness, the distribution of contact heights are observed in Figure 4.14. The maximum
heights of each contact on an uncoated metallic interconnect is evaluated and a matrix
of these tolerance values in the active area is created. Figure 4.14(a) and Figure 4.14(c)
show the distribution of dimensional tolerances in the active area for two interconnects.
The probability distributions in Figure 4.14(b) and Figure 4.14(d) help understand the
variance in the tolerances of multiple interconnects. It was seen that the tolerances were
in the range of about 20 µm. The cause of such dimensional variability is because of
manufacturing parameters like tool wear, material imperfections or process tolerances,
which cannot be changed without significantly modifying production processes. Another
observation seen from analyzing several parts is that the spatial distribution of contact
height variance in the active area changes significantly between parts. Therefore, it may
be inferred that each interconnect has a different configuration of height tolerances at the
contacts.

This dimensional variability is expected to contribute to the heterogenous contact patterns
seen in Section 4.3 causing large mechanical pressures on taller contacts and lower or no
mechanical pressures on relatively short contacts. This not only results in large electrical
resistances at short contacts but may also cause excessive plastic deformation of tall
contacts and eventually lead to failure of the stack. Therefore, along with the influence
of non-flatness, it is necessary to consider dimensional variance in the contact heights to
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(a) Contact tolerance distribution (b) Probability distribution of tolerances

(c) Contact tolerance distribution (d) Probability distribution of tolerances

Figure 4.14: Contact height tolerances in the active area for two interconnects

understand the contact pressure distribution in a stack and eventually relate it to the
electrical contact resistance.

4.4 Summary and outlook

In this chapter, the modeling constraints in regard to simulation resources required for a
full-field model were highlighted, along with the proposition for the use of computational
homogenization techniques to simplify the model complexity. This approach was investi-
gated for the three process steps in the lifecycle of an SOC contact.

In Section 4.2.1, Section 4.2.2 and Section 4.2.3 the homogenized loading cases were
applied to the representative unit volume and the corresponding stress was plotted with
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their drivers for each loading case. The mechanical loading showed considerable anisotropy
accompanied by the possibility for plastic deformation. Moreover, for the out-of-plane
loading cases, the effect of the coating needs to be considered along with the unique
volume dilation in the plastic domain which also needs to be accounted for. During
thermal loading, an effect of the temperature dependence on the elastoplastic moduli was
accompanied by thermal expansion. Lastly, a viscoplastic relaxation was observed during
operation which must also be considered.

On performing experimental investigations, the non-idealities were observed in manu-
factured repeat units like varying flatness profiles and dimensional tolerances, must be
accounted for to get a comprehensive understanding of the contacting quality. This sum-
marizes the modeling characteristics required to be incorporated in the effective model.
In the next chapters, these characteristics are systematically introduced into the effective
model to construct a suitable modeling framework running with practical computational
times.



5 Constitutive model

In Chapter 4, the computational homogenization approach was discussed to overcome
the constraints posed by large computational times which lead to the development of a
simplified effective model. Based on experimental investigations outlined in Section 4.3,
certain manufacturing tolerances were observed to show significant impact on the contact-
ing configuration in the active area for the chosen SOC design. These tolerances arise due
to real-world manufacturing limitations and motivate the use of computational homog-
enization to account for their effects. Homogenization allows for evaluating the average
responses of the geometrically complex representative volume and captures the essential
physical responses without the need for computationally expensive models having a high
degree of precision. However, the typically available material models in standard sim-
ulation software like ABAQUS are limited to conventional elastoplastic theories which
are insufficient for accurately representing certain effects observed during experimental
tests in Section 4.3. A novel constitutive model is proposed in the current chapter to
address these limitations. This approach aims at bridging the gap between experimen-
tal observations and simulation results by introducing concepts of offset-formulation and
coating-formulation. Out of the non-idealities seen in Section 4.3, the model developed
in the current chapter aims at addressing the contact height tolerances as a material
response. The tolerances in the profile bend may be addressed by capturing the ge-
ometric bending profiles of individual parts in ABAQUS and will be seen at a later
stage.

5.1 Model requirements

The observations laid out at the end of Chapter 4 highlight the necessity for an effective
material model that exhibits anisotropic elastoplastic behavior while accounting for: i)
non-isochoric plasticity, ii) the variability in contact heights during mechanical loading
and iii) the non-linear irreversible deformation of the soft coating layer. The following
subsections will address these aspects individually.

60
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5.1.1 Volumetric compressibility in the plastic domain

Several attempts to model volumetric compressibility in the plastic domain have been
demonstrated in the literature, predominantly employing non-associative plasticity mod-
els. The primary difference between associative and non-associative approaches is, how
internal variables are updated. In associative plasticity, the rate of change of internal vari-
ables is constrained to be normal to the yield surface, as dictated by the flow rule [145]. In
contrast, non-associative plasticity does not imply normality, requiring a more generalized
flow rule derived from a plastic flow potential, which may differ from the yield function.
This gives non-associative models a purely phenomenological nature, where the second
law of thermodynamics may not necessarily be enforced, and a variational structure may
not always be formed.

This is not the case for associative models which maintain a variational structure and
typically demonstrate an isochoric behavior within the plastic domain. However, plas-
tic compressibility using an associative framework is demonstrated in some recent stud-
ies [138, 146, 147]. Xue & Hutchinson [147, 148] formulated a modified Hill criterion to
account for plastic compressibility in the anisotropic framework which is briefly reviewed
in this section. The widely used Hill criterion [149] for incompressible and orthotropic
material models expresses the yield condition in the form:

φ(σ) = σeq − σ0 = 0 (5.1.1)

where, σ0 is the effective yield stress and σeq is the equivalent stress defined as

σeq =
√
α12(σ11 − σ22)2 + α23(σ22 − σ33)2 + α13(σ11 − σ33)2 + 2α44σ2

12 + 2α55σ2
23 + 2α66σ2

31

(5.1.2)
with σ11, σ22, σ33, σ12, σ23 & σ13 being the stress components in the principal normal and
shear directions. And α12, α23, α13, α44, α55 and α66 are dimensionless coefficients that de-
fine orthotropy. In Equation 5.1.2, it may be observed that the yield function does not de-
pend on the hydrostatic stress components and has a plastic strain rate normal to yield sur-
face causing volume incompressibility in the plastic domain.

In the work of Xue and Hutchinson [147], compressible anisotropic plasticity was intro-
duced by creating a dependence of the effective stress on the hydrostatic stress components
by adding three normal stress terms. The coefficients α11, α22 and α33 create the depen-
dence on the hydrostatic stress in conjunction with the assumption of normality, which
gives rise to a volume change in the plastic domain. The other coefficients are identical
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to those in the Hill criterion.

2σeff = α12(σ11 − σ22)2 + α23(σ22 − σ33)2 + α31(σ33 − σ11)2

+6α44σ
2
12 + 6α55σ

2
23 + 6α66σ

2
31 + α11σ

2
11 + α22σ

2
22 + α33σ

2
33

(5.1.3)

The inclusion of the last three terms in Equation 5.1.3 addresses the concern of volume di-
lation within the plastic domain as demonstrated by Xue and Hutchinson [147].

5.1.2 Offset and coating formulations

It was seen in Section 4.3.3, that tolerances in the height dimension showed a significant
effect on the contact pressure distribution after mechanical stacking. To understand this
influence of height tolerances, let us consider two interconnect contacts in Figure 5.1(a)
and Figure 5.1(b) with a difference of 25 µm in their height dimensions which are loaded
uniaxially in the out-of-plane direction. Keeping the effective height of the representa-
tive volume constant, i.e., the distance between top and bottom plates, the homogenized
stresses for the short contact σsczz and the tall contact σtczz are plotted in Figure 5.1(c).
The shorter interconnect contact shows an offset in the stress-strain response on the
strain axis and can be interpreted as a zone of zero stiffness until it contacts the plate
above. From Figure 5.1(c) it is also evident that the magnitude of strain offset corre-
sponds to the missing 25µm height dimension in Figure 5.1(b). This means that the
geometric tolerances at individual contacts in the high-fidelity model can be represented
in the form of a material response in the effective model. This is done by introducing a
parameter called offset-strain which is the strain corresponding to the difference between
the height dimension of the representative unit cell and of the measured interconnect
contact.

Upon defining the offset strain, the idea may be extended for modeling the non linear
coating behavior at the end of the offset domain. In this case, along with the offset
representing the height variation, the coating is represented as a smooth transition from
the offset domain to the elastic domain by using an exponential material law. The rheology
for the material model is explained in the following section which highlights the different
kinematic components in the system.
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(a) Tall contact with coating. (b) Short contact with coating.
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Figure 5.1: Impact of height tolerances in interconnect contacts on the homogenized
stress-strain response.
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5.2 Rheology of the effective model

To represent the expected behavior outlined in Section 5.1, a one-dimensional rheo-
logical model is developed in this section. This model is used to define the desired
material behavior in the out-of-plane direction and its structure is illustrated in Fig-
ure 5.2.

offset elastic

viscous

plastic

coating

(a) Initial configuration 1©

elastic

viscous
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coatingoffset

(b) Loading 2©

elastic

viscous

plastic

coatingoffset

(c) Unloading 3©

Figure 5.2: 1-D rheological model for material response

The model comprises of several kinematic components: an offset component, represented
by an open link and a coating component modeled using a friction element. The fric-
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tion element used for the porous coating material, progressively decays under compres-
sive loading and eventually decouples from the system upon reaching saturation. Ad-
ditionally, the elastic behavior is captured using a spring and the plastic behavior is
represented by another friction element. To represent the viscoplastic effects over ex-
tended time scales, a damper is incorporated in parallel with the plastic friction ele-
ment.

In the initial configuration, as shown in Figure 5.2(a) and denoted as state 1, the offset
element is disengaged while the coating friction element is coupled with the system and
the elastic spring remains unloaded. Both the plastic friction element and the viscous
damper are in their initial positions. This setup corresponds to the stress-strain behavior
observed at state 1 in Figure 5.3.
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Figure 5.3: Material response to the rheological model

Upon the application of compressive loading, the system transitions to the configuration
depicted in Figure 5.2(b). Initially, the offset element begins to close. Once a limiting
strain is reached, the offset element becomes fully engaged allowing the coating friction
element to slide and the elastic spring to compress. The friction within the coating ele-
ment decreases exponentially as strain increases, and upon reaching a limiting compressive
strain, the friction element saturates. Concurrently, the elastic spring continues to com-
press until its elastic limit is reached. Further compression causes the viscoplastic system,
consisting of the friction element and damper, to change its configuration. This transition
is represented by state 2 in the stress-strain plot shown in Figure 5.3, corresponding to
the model in Figure 5.2(b).
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During unloading, the model transitions from the configuration in Figure 5.2(b) to that
in Figure 5.2(c), as a tensile load is applied to the system at state 2. As unloading
begins, the compressed elastic spring starts to recover, while the plastic element remains
in its deformed state. Once the spring is fully restored, additional tensile loading causes
the offset element to open, resulting in no reactive force from the system. This state is
depicted as unloading configuration 3 in Figure 5.3 and corresponds to the model shown
in Figure 5.2(c).

5.3 Model Equations

Based on the rheological behavior outlined in Section 5.2, the model must be formulated
mathematically through constitutive equations. These equations are derived from en-
ergy principles and must adhere to thermodynamic laws, consistent with the framework
of associative plasticity. In this section, a set of constitutive equations are formulated
to define the mechanical viscoplastic behavior of the rheological model outlined in Sec-
tion 5.2 [150].

Basic kinematics and state variables

In a small strain setting, the total strain ε is additively decomposed into the stress
producing elastic strain εe and the dissipative viscoplastic strain εvp, as discussed in
Section 2.2.4. However, to achieve the desired rheology stated in Figure 5.2, the to-
tal strain should additionally consist of offset strain εof and the coating strain εco.

ε = εe + εof + εco + εvp (5.3.1)

where, the offset strain accounts for geometric variations in dimensions, as discussed in
Section 5.1, while the coating strain models the nonlinear initial material response of the
soft, porous coating layer, as outlined in Section 3.3.

Elastic response

The specific free energy for anisotropic elasticity is assumed to depend on the stress
producing strain

ψ(εe) =
1

2
εe : CCC : εe (5.3.2)
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based on the elasticity tensor CCC which has minor and major symmetries Cijkl = Cklij =

Cjikl = Cijlk. Exploitation of the dissipation inequality D = σ : ε̇− ψ̇ ≥ 0 motivates the
stress definition

σ =
∂ψ

∂εe
= CCC : εe (5.3.3)

and the reduced form of the dissipation inequality can be expressed as

D = σ : ε̇of + σ : ε̇co + σ : ε̇vp ≥ 0 (5.3.4)

that must be fulfilled for all deformation states. For subsequent analysis, we restrict our-
selves to orthotropic elasticity, which takes the following form in Voigt notation

CCC =




C11 C12 C13 0 0 0

C12 C22 C23 0 0 0

C13 C23 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C55 0

0 0 0 0 0 C66




. (5.3.5)

Evolution of offset and coating strain

For the offset strain, representing the tolerances in the height dimension, we assume

εof = εofN of with N of = ez ⊗ ez (5.3.6)

where ez represents a unit normal basis vector in the out-of-plane direction, i.e., the
direction of tolerances. The magnitude of compressive offset strain can be expressed as,

εof =

{
ε̃of (ε, εco, εvp) for ε̃of (ε, εco, εvp) ≤ εoftol,

εoftol otherwise.
(5.3.7)

where the parameter εoftol < 0 takes into account the geometric tolerances in the inter-
connect contact heights. The offset function considers inelastic deformations in the soft
coating layer and viscoplastic deformations in the metal interconnect that may have oc-
curred in the loading history

ε̃of (ε, εco, εvp) = (ε− εco − εvp) : N of (5.3.8)

Besides the offset strain correction, a coating strain is introduced that mimics the in-
fluence of a soft, porous coating material. Analogous to equation (5.3.6) we assume

εco = εcoN co with N co = ez ⊗ ez (5.3.9)
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where ez represents a unit normal basis vector in the out-of-plane direction (or direction of
tolerance). The amount of compressive coating strain is governed by

εco = min
τ∈[0,t]

ε̃coτ (5.3.10)

and can be regarded as a minimum equivalent strain measure obtained in a typical,
possibly non-monotonic loading process. For the equivalent strain measure for the soft
coating material we assume

ε̃co(ε) = −a
(

1− exp
[
b (ε : N co − εoftol)

])
(5.3.11)

in terms of the material constants a and b.

Viscoplastic response

The evolution of the viscoplastic strain is assumed to have the following form

ε̇vp = ε̇vpN vp with N vp = MMM : σ. (5.3.12)

Here, the direction of anisotropic viscoplastic flow is governed by the Hill-type fourth
order tensor MMM with the major and minor symmetries Mijkl = Mklij = Mjikl = Mijlk.
According to the formulation defined by Xue & Hutchinson [147], reviewed in Section 5.1.1,
a dependence of the effective stress on the hydrostatic stress components is considered by
a Hill-type tensor which, in Voigt notation, takes the form

MMM =




α12 + α13 + α11 −α12 −α13 0 0 0

−α12 α23 + α12 + α22 −α23 0 0 0

−α13 −α23 α13 + α23 + α33 0 0 0

0 0 0 6α44 0 0

0 0 0 0 6α55 0

0 0 0 0 0 6α66




.

(5.3.13)
The magnitude of viscoplastic flow is governed by

ε̇vp =
Ė0

σ0

(
σeq

σ0

)n−1

with σeq =

√
1

2
σ : MMM : σ (5.3.14)

in terms of the material parameters Ė0, σ0 and n. Incompressible isotropic plastic flow is
recovered for MMM = PPP with the fourth order deviatoric projection tensor PPP = III − 1

3
1 ⊗ 1

and the fourth order identity tensor Iijkl = 1
2
(δikδjl + δjkδil).
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5.4 Algorithmic treatment of model equations

The constitutive equations described in the previous section need to be implemented
into the finite element framework in the form of a numerically computable algorithm.
Therefore, we consider a typical time-stepping procedure with process interval [0, T ]. In
this interval we are seeking the solutions at the discrete times 0, t1, t2, . . . , tn, tn+1, . . . , T

where all field variables at time tn are assumed to be known. Aiming at a compact
notation, we drop in what follows the subscript tn+1 and consider all variables without
subscript to be evaluated at time tn+1. In a time discrete setting, the stresses are computed
via

σ = CCC : εe = CCC : [ε− εof (ε, εcon , ε
vp
n )− εco(ε)− εvp(σ(ε))] (5.4.1)

The algorithmic counterpart of the offset strain formulation (5.3.8) reads

εof =

{
ε̃of (ε, εcon , ε

vp
n ) for ε̃of (ε, εcon , ε

vp
n ) ≤ εoftol,

εoftol otherwise.
(5.4.2)

in terms of the time-discrete equivalent offset strain function

ε̃of (ε, εcon , ε
vp
n ) = (ε− εcon − εvpn ) : N of (5.4.3)

in which a semi-implicit approach was chosen for the dependencies on the coating and
viscoplastic strains. Similarly, the update of the amount of coating strain (5.3.10) follows
by

εco =

{
ε̃co(ε) for ε̃co(ε) ≤ εcon ,

εcon otherwise.
(5.4.4)

where the irreversibility constraint for the coating strain is considered explicitly. The
equivalent strain measure for the soft coating material reads

ε̃co(ε) = −a
(

1− exp
[
b (ε : N co − εoftol)

])
. (5.4.5)

The time-discrete counterpart of the evolution equation for the viscoplastic strain update
(5.3.12) reads

∆εvp = ∆tλ(σ)MMM : σ (5.4.6)

with λ(σ) as the plastic multiplier defined by,

λ(σ) =
Ė0

σ0

(
σeq

σ0

)n−1

(5.4.7)
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and σeq as the equivalent stress defined by a quadratic yield function using the 4th order
Hill-type tensor,

σeq =

√
1

2
σ : MMM : σ. (5.4.8)

Reformulation of the stress update in equation (5.4.1) gives

σ = σtr −CCC : ∆εvp(σ) (5.4.9)

with,
σtr = CCC : [ε− εof (ε, εcon , ε

vp
n )− εco(ε)− εvpn ]. (5.4.10)

where we introduced the trial stresses as a function of the total current strain and the
coating and offset strains evaluated in a residual format and we obtain the nonlinear
equation for the stresses

r(σ) := σ − σtr + ∆t λ(σ)CCC : MMM : σ. (5.4.11)

This equation is solved using Newtons method with the following stress update

σ ⇐ σ + ∆σ with ∆σ = −r(σ) :

[
∂r

∂σ

]−1

(5.4.12)

until convergence is obtained in the sense of ‖r(σ)‖ ≤ tol. The required tangent reads

∂r

∂σ
= IIIs + ∆t

[
∂λ

∂σeq
MMM : σ ⊗CCC : MMM : σ + λCCC : MMM

]
(5.4.13)

where,
∂λ

∂σeq
=

(n− 1)Ė0

σ2
0

(
σeq

σ0

)n−2

. (5.4.14)

If convergence of the local Newton iteration has been achieved, the viscoplastic strain can
be updated

εvp = εvpn + ∆t λ(σ)MMM : σ (5.4.15)

and the material tangent, required in a finite element context, can be calculated

∂σ

∂ε
= CCC :

[
IIIs − ∂εof

∂ε
− ∂εco

∂ε

]
:

[
∂r

∂σ

]−1

(5.4.16)

containing the derivatives related to the offset and coating strains

∂εof

∂ε
=

{
N of⊗N of for ε̃of (ε, εcon , ε

vp
n ) ≤ εoftol,

0 otherwise.
(5.4.17)

and

∂εco

∂ε
=

{
a b exp

[
b (ε : N co − εoftol)

]
N co⊗N co for ε̃co(ε) ≤ εcon ,

0 otherwise.
(5.4.18)
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5.5 Incorporation into the finite element framework

The phenomenon of contact height tolerances and coating behavior observed in Sec-
tion 5.1.2, which represent the offset and coating formulations are first expressed in the
form of constitutive laws in Section 5.3. Subsequently, the constitutive equations de-
fined are expressed in the algorithmic form in Section 5.4. This algorithmic framework
is implemented in FORTRAN which may be visualized with the flow chart in Figure 5.4.
On appropriate implementation, the constitutive model described in this chapter is in-
troduced in the finite element solver ABAQUS as a user material (UMAT) subroutine.
After calibration of suitable material parameters, this model may be fitted to the ho-
mogenized behavior of a coated interconnect contact to show its equivalent effective re-
sponse.

Input

Update ε, εcon , ε
vp
n

Update:

εof =

{
ε̃of (ε, εcon , ε

vp
n ) for ε̃of (ε, εcon , ε

vp
n ) ≤ εoftol,

εoftol otherwise.

Update:

εco =

{
ε̃co(ε) for ε̃co(ε) ≤ εcon ,
εcon otherwise.

Calculate:
σ = σtr −CCC : ∆εvp(σ)

σeq =
√

1
2σ : MMM : σ

Start newton
iteration

Linearization of resuidal:
r(σ) := σ − σtr + ∆t λ(σ)CCC : MMM : σ

∆σ = −r(σ) :
[
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]−1

Update Stress:
σ ⇐ σ + ∆σ
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εvp = εvpn + ∆t λ(σ)MMM : σ
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∂ε

]
:
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if ∆σ ≤ tol

if ∆σ ≤ tol

if ∆σ > tol

Figure 5.4: Algorithmic representation of constitutive model
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5.6 Characteristics of the effective model

In this Section, the mechanical behavior of the effective model is discussed for several
loading cases. As defined in Section 4.2.4, a block geometry with dimensions identical
to the high-fidelity model, i.e., 1.272 mm x 1.272 mm x 0.27 mm, is investigated using
nominal material parameters. A compressive strain rate of 0.3s−1 was assumed in the
out-of-plane direction and a tensile strain rate of 0.008s−1 was assumed in the in-plane
direction in their corresponding loading cases. The geometry was discretized using one
C3D8 element with uniaxial and biaxial loading states applied to explain the main features
of the model.

The material model was first tested for the offset formulation, with and without coat-
ing behavior, under uniaxial compression in the out-of-plane direction. The stress-strain
response for this test is plotted in Figure 5.5(a). For the pure offset formulation, it is
seen that, despite there being some strain in the element, the stress response (σw/o cozz )
is zero until a limiting strain threshold of about εzz = 0.12. When the strain in the
element exceeds this threshold value, the material shows a typical elastoplastic response.
For the offset and coating formulation, the stress response (σw/ cozz ) can be characterized
with a smooth exponential transition into the elastic domain and is also plotted in Fig-
ure 5.5(a).

The effect of the offset and coating formulation for a uniaxial loading in the in-plane
direction is seen in Figure 5.5(b). The offset or coating parameters do not influence the
in-plane behavior for a uniaxial loading case suggesting that the formulation developed
in Section 5.3 does not cause any unforeseen effects in other directions for the uniaxial
loading case.

The offset and coating formulation was then tested for a biaxial loading case using the
same geometry under a normal loading in-plane and out-of-plane simultaneously with the
mentioned strain rates. Figure 5.5(c) shows the stress-strain response over time for the
simultaneous loading in in-plane and out-of-plane directions. In the offset domain, stress
response in the in-plane direction is same as the uniaxial case in Figure 5.5(b). However,
at the end of the offset domain, there is a decrease in the yield stress which depicts a
typical biaxial loading behavior. This infers that the loading in the offset domain gives
a stress response equivalent to the uniaxial loading case in the in-plane direction. But
when the strain exceeds the offset threshold, the model shows a typical biaxial loading
stress response.
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Figure 5.5: Characteristics of effective model: Offset and coating formulation under sev-
eral loading cases.
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The loading-unloading behavior was plotted in Figure 5.5(d) for a uniaxial loading in the
out-of-plane direction for three consecutive cycles. It was observed that there was a re-
covery of the elastic strain after each cycle, however, the offset-strain, coating-strain and
plastic-strain was non-recoverable at zero stresses. It may also be noted that this formula-
tion permits only compressive loading in the out-of-plane direction.

5.7 Incorporation of thermal aspects

In the previous sections, a finite element framework was developed to model the me-
chanical behavior of the coated interconnect at room temperature which accounts for
dimensional tolerances. However, in practical applications, SOCs operate at tempera-
tures of about 600◦C where the contact configuration determined at room temperature
can change significantly due to temperature-driven factors such as thermal expansion,
temperature-dependent material moduli, and creep/relaxation. While the current elasto-
viscoplastic model is already equipped to simulate rate-dependent phenomena like creep
and relaxation, a set of additional constitutive equations must be incorporated to consider
effects of temperature variation. In the following sections, the model equations defined in
Section 5.3 are extended to represent thermal expansion and the temperature dependence
of the elastoplastic moduli which would equip the effective model to simulate the required
loading steps for the SOC contact life-cycle [151].

Within a thermomechanical setting, the specific Helmholtz free energy ψ is considered to
be a function of the elastic strain and temperature,

ψ = ψ(εe, T ) (5.7.1)

which may be expressed in the form of its time derivative as,

ψ̇(εe, T ) =
∂ψ

∂εe
: ε̇e +

∂ψ

∂T
: Ṫ where η = −∂ψ

∂T
(5.7.2)

where η is the entropy related to the free energy and Equation 5.7.2 may be expressed as,

ψ̇(εe, T ) =
1

2
εe : CCC : εe − ηṪ (5.7.3)

The Clausius-Duhem inequality defines positive local dissipation D for a thermomechan-
ical problem without heat generation as

D = σ : ε̇− ψ̇ − ηṪ ≥ 0 (5.7.4)
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then, on excluding the recoverable energies in the system, the dissipation inequality is
reduced to the form,

D = σ : ε̇of + σ : ε̇co + σ : ε̇vp ≥ 0 (5.7.5)

that must be fulfilled for all deformation states.

5.7.1 Thermal expansion

While considering varying temperatures, a temperature dependent thermal strain may be
introduced which has a purely dilatational response and does not cause any shear. It may
be expressed in Voigt notation as follows,

εth = αth∆T with αth =




αth11

αth22

αth33

0

0

0




and ∆T = T − T0 (5.7.6)

αth is a second order tensor representing the anisotropic coefficients of thermal expan-
sion in the Voigt notation, where αth11 and αth22 describe the thermal expansion behavior
in the in-plane direction and αth33 describes the thermal expansion in the out-of-plane
direction, T is the temperature of the system at time t and T0 is the reference tempera-
ture.

While considering temperature change in the system, the total strain εtot may comprise
of the mechanical strain additively coupled with the thermal strains. The corresponding
mechanical strains may be expressed as,

ε = εtot − εth (5.7.7)

where, ε represents the total mechanical strain and εth represents the thermal strain in
Equation 5.7.6. Here, the thermal strain is fully recoverable and may be computed as a
function of the change in temperature which is a prescribed boundary condition.

5.7.2 Temperature dependent moduli

The moduli of the orthotropic elasticity tensor and Hill-type plasticity tensor are temper-
ature dependent parameters and may vary over large range of temperatures. This may
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be approximated by linearly interpolating the tensor coefficients between discrete known
temperature intervals.

If the temperature T ∈ [T n, T n+1], where n and n+ 1 is the temperature interval having
tensor properties AAA with components Aijkl, the corresponding tensor coefficients may be
assumed by linear interpolation and are given by

T − T n
T n − T n+1

=
Aijkl − An

ijkl

An
ijkl − An+1

ijkl

(5.7.8)

where, An
ijkl corresponds to the tensor coefficients at temperature T n and An+1

ijkl corre-
sponds to the tensor coefficients at temperature T n+1. The components of orthotropic
elastic tensor CCC and Hill-type plasticity tensorMMM may be interpolated using this approach
between given discrete temperature ranges.

5.7.3 Implementation of thermal effects in the finite element
framework

On considering the effects of thermal loading in the model, a thermal strain is introduced
which is coupled with the total strain and determines the thermal effects in the model. The
model equations defined in Section 5.7.1 may be used to determine the total mechanical
strain ε, is explicitly coupled to the workflow as derived in Section 5.3 as well as the
algorithmic treatment in Section 5.4. The temperature dependence of moduli is achieved
by linearly interpolating the coefficients of the orthotropic elasticity tensor CCC and Hill-type
plasticity tensorPPP between discrete temperature ranges at the start of each time increment
in the algorithmic setting. This is stated in Section 5.7.2.

The implementation in the algorithm including the aforementioned modifications are in-
troduced in the flowchart in Figure 5.6.
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Input

Update εth(T ),CCC(T ),PPP(T )
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∂ε

]
:
[
∂r
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]−1
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if ∆σ ≤ tol

if ∆σ ≤ tol

if ∆σ > tol

Figure 5.6: Algorithmic representation of constitutive model with temperature depen-
dence

5.7.4 Characteristics for thermal and relaxation behavior

The thermal and relaxation effects are evaluated in the out-of-plane direction, as this is the
primary direction of loading contributing to electrical contact resistance.

After applying mechanical loading to an effective block model with dimensions identical to
the high-fidelity RVE model (i.e., 1.272 mm x 1.272 mm x 0.27 mm), the deformation was
kinematically constrained and subjected to thermal loading from 25◦C to 600◦C. The re-
sulting stress-temperature relation is plotted in Figure 5.7(a). This relationship considers
the effects of thermal expansion and temperature dependence of moduli and shows similar
characteristics to the homogenized model in Section 4.2.2.

In order to investigate the viscous characteristics of the model, the effective block model
was held at the elevated temperature for a period of 104 s. The corresponding stress relax-
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ation over time is plotted in Figure 5.7(b). The stress-time response obtained for the block
model closely aligns with the behavior of the results from computational homogenization
discussed in Section 4.2.3.
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Figure 5.7: Characteristics of the effective model at operational temperatures

5.8 Summary

The manufacturing non-idealities discussed in Chapter 4 showed two types of tolerances:
bending profile tolerances and contact height tolerances. Bending profile tolerances may
be addressed within the homogenization approach by geometrically representing the bend-
ing profiles of individual components. Contact height tolerances pose a challenge, as
accounting for them geometrically is not feasible using conventional models. Therefore,
this chapter focused on developing an appropriate effective material model to account for
dimensional tolerances at the contact. To do so, offset and coating formulations were intro-
duced which incorporated the dimensional tolerances and the porous coating behavior for
a rate-dependent mechanical loading. The necessary constitutive equations were derived
and implemented in an algorithmic framework for finite element analysis. This algorithm
was subsequently modified to account for thermal effects.

With these developments, the finite element framework required to model dimensional tol-
erances in SOC contacts throughout their lifecycle is complete. In the next chapter, model
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parameters are calibrated and the model is validated against high-fidelity simulations for a
grid of contacts representing the active area of the interconnect.



6 Computational investigation and
validation

In the previous chapters, a constitutive anisotropic viscoplastic material model was devel-
oped which represents the desired rheology for the effective model. The characteristics of
this model include non-isochoric plasticity, offset formulation representing variability in
height dimension as a material response and the coating formulation representing a porous
coating layer. These features along with elastoviscoplastic behavior were incorporated in
the finite element framework in an algorithmic setting which is aimed to represent the
SOC contacts in the form of an effective model.

To achieve this, in this chapter, first the effective parameters for the constitutive model are
calibrated. On obtaining the model parameters, the effective model is tested for accuracy
in comparison with its high-fidelity counterpart. This comparison determines how closely
the effective model may represent the high-fidelity model. Finally, the degree of accuracy
with computational time reduction is demonstrated in this chapter.

As previously defined, the computational investigations are formulated into three process
steps for which the effective model will be investigated:

• Assembly at room temperature during which is subjected to mechanical loading

• Temperature ramp-up subjecting it to thermal loading.

• Relaxation at operational temperature over long periods of time.

6.1 Assembly at room temperature

In this Section, the concepts developed for the offset and coating formulation are im-
plemented to explain the variability in stress distribution created by the contact toler-
ances.

80
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6.1.1 Parameter Identification

The effective constitutive model developed in Chapter 5 is calibrated to the homogenized
responses for a steady state strain rate of 0.25 s−1 out-of-plane and 0.03 s−1 in-plane.
These strain rates were calculated based on a routine for stack compression. However,
in practice, the model may be calibrated with any strain rates determined from the
experimental stacking process and is an input parameter.

Figure 6.1(d) shows the effective stress-strain response of uniaxial normal loading for a
tall and short contact in the out-of-plane direction fitted to its homogenized response.
Figures 6.1(a), 6.1(b) and 6.1(c) show the fitting of the effective model for remaining
normal and shear loading cases in-plane and out-of-plane.

Similarly, the volume dilation for uniaxial normal loading cases in-plane and out-of-
plane are also plotted in Figure 6.1. Figure 6.1(e) shows the effective strain components
εyy(εxx) and εzz(εxx) fitted onto the high-fidelity homogenized model for a normal in-plane
loading εxx. Figure 6.1(f) shows the effective strain components εxx(εzz) and εyy(εzz) fit-
ted onto the high-fidelity homogenized model for a normal out-of-plane loading εzz.

The input properties for the effective model consists of an orthotropic elasticity tensor CCC,
a Hill-type plasticity tensorMMM and the viscoplastic coefficients ε̇0, σ0 and n, the limiting off-
set strain εoftol and the coefficients for the coating strain a and b.

Table 6.1: Anisotropic input parameters for the effective model obtained from fit to ho-
mogenized response.

(a) Elasticity.

Elastic coefficients (MPa)
C11 52000

C12 0

C13 0

C22 52000

C23 0

C33 650

C44 10000

C55 750

C66 750

(b) Viscoplasticity.

Hill-type coefficients (-)
α11 48.5

α12 −19.5

α13 0

α22 200

α23 0

α33 3475

α44 33.33

α55 408.33(tc), 466.667(sc)

α66 408.33(tc), 466.667(sc)

Table 6.1 summarizes the identified elastic and viscoplastic coefficients. Parameters for
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Figure 6.1: Parameter identification based on four basic deformation modes and volume
dilation.
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Table 6.2: Input parameters for the effective model obtained from fit to homogenized
response.

(a) Viscoplasticity.

Initial strain rate (-)
ε̇0 0.00253602

Initial stress (MPa)
σ0 244.81

Exponent (-)
n 1.55

(b) Tall contact.

Offset strain (-)
εof,tctol 0.02

Coating thickness (mm)
atc 0.04

Coating stiffness (MPa)
btc 26.0

(c) Short contact.

Offset strain (-)
εof,sctol 0.11

Coating thickness (mm)
asc 0.04

Coating stiffness (MPa)
bsc 26.0

the viscoplastic response and parameters for the offset and coating strain for the tall and
short contacts are summarized in Table 6.2.

6.1.2 Mechanical validation for 1-Layer: 16 Contacts

In order to validate the model, the effective model was compared to a high-fidelity simula-
tion. The two coated contacts introduced and homogenized in Section 5.1 were used to cre-
ate a grid of 16 contacts of two different height dimensions.

Their heights were 25 µm apart and were positioned at random locations in the grid.
An effective model was constructed replacing the contacts by brick elements with same
positions for tall and short contacts in the effective and high-fidelity models. The mate-
rial properties for the effective model was taken from Section 6.1.1. Both models were
compressed between rigid plates with the strain rates given in Section 6.1.1 and were
constrained in-plane at their edges. Figure 6.2(a) and Figure 6.2(b) show the stress con-
centration in the high-fidelity model and effective model in the zz − direction. The tall
contacts exhibited larger stresses in the zz− direction and upon undergoing deformation
of about 25 µm, the shorter contacts began to deform. Figure 6.2(c) shows the force-
displacement curves from the compression simulations of the high-fidelity and effective
models which show a good alignment. The accuracy of the effective model may be quan-
tified to have an R-square value of 0.9917 in reference to the high-fidelity model. The
effective model had a significantly reduced simulation time which was compared with the
high-fidelity case. The high-fidelity model required 48 parallel CPUs on the high per-
formance cluster and took about 28 hours, whereas the effective model took about 30
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seconds on a standard workstation desktop. This shows that the effective model is capa-
ble of successfully simulating variability in the height dimension of contacts on an SOC
interconnect as well as non-linear coating behavior.

(a) High-fidelity model (b) Effective model
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(c) Force-Displacement on 1-Layer: 16 contacts

Figure 6.2: Numerical validation for a 1-Layer interconnect

6.1.3 Mechanical validation for 2-Layer: 16 Contacts

In the previous section, the effective model was validated for the compression of a single
interconnect layer. In this section, the repeatability of results for a multilayered stack
was tested. The coated interconnect contacts of two height dimensions from the previous
section were reused, however, one layer was rotated by 180 degrees to create a variability
in the location of tall and short contacts in the two layers. Two such interconnects were
stacked together separating each other with rigid plates. The effective model was con-
structed in a similar way as discussed in the previous subsection. The material properties
for tall and short contacts and the loading conditions were same as for the 1-Layer test and
evaluated in Section 6.1.1. Figure 6.3(a) and Figure 6.3(b) show the stress concentration
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(a) High-fidelity model (b) Effective model
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Figure 6.3: Numerical validation for a 2-Layer interconnect
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in the high-fidelity model and effective model. Figure 6.3(c) shows the force-displacement
curves from the compression simulations. The accuracy of the effective model may be
quantified to have an R-square value of 0.9827 in reference to the high-fidelity model. It
may be noted that on increasing the number of layers, the effective model consistently
represents the high-fidelity model.

Based on the results seen in Figure 6.2(c) and Figure 6.3(c), it may be noticed that
the effective model represents the high-fidelity model with the accuracy quantified in
terms of the R-square value stated in both cases. Considering the reduction in simula-
tion time of several orders of magnitude, the given accuracy of the model may be seen
as a good compromise. Moreover, the model accuracy is dependent on the parameter
fitting done in Section 6.1.1 and can be better fitted if a higher level of accuracy is de-
sired.

6.2 Temperature ramp-up

After mechanical assembly at room temperature the SOC stack is heated up to operational
temperatures. This section focuses on investigating the combined impact of temperature-
dependence of elastoplastic moduli and thermal expansion behavior on the dimensional
variances in the high-fidelity model. Then, the effective model is calibrated with suitable
parameters. Lastly, a comparison is done for a large grid of contacts between the high-
fidelity and effective model configurations.

6.2.1 Parameter Identification

In order to visualize the effects of dimensional variability, interconnect contacts with
two height dimensions, 3 µm apart in the out-of-plane direction are considered. The
tall contact is shown in Figure 6.4(a) and the short contact is shown in Figure 6.4(b).
Both contacts are subjected to periodic boundary conditions as mentioned in Chapter 4
and loaded mechanically in the out-of-plane direction representing the stack compression
process. These contacts are then held in this configuration and subjected to a temperature
increase from 25◦C to 600◦C.

The out-of-plane stress σhfzz for the high-fidelity model during mechanical loading is plotted
in Figure 6.4(c). At the end of the loading step, it may be noticed that the tall contact
has a larger homogenized stress-state than the short contact. This indicates that within
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(a) Tall contact with coating (b) Short contact with coating
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Figure 6.4: Temperature ramp-up behavior for contacts with variability in height dimen-
sions

the elastic domain, the height variance is proportional to the homogenized stress σhfzz ,
however, with the onset of plasticity, both contacts may eventually reach the same final
stress configuration. Using this response, the effective model is then calibrated after
being subjected to the same boundary conditions as the high-fidelity model. The fitting
of effective stresses σefzz to the homogenized stress σhfzz response over strain is shown in
Figure 6.4(c) for both contacts.

Table 6.3 summarizes the fitted orthotropic elastic and Hill-type viscoplastic coefficients
in the effective model. Table 6.4 summarizes the rate dependent coefficients along with
offset and coating parameters for the tall and short contacts.

It may be noted that, the primary loading during stacking is always in the out-of-plane
direction. Due to this and the in-plane yield limit being much greater than the out-of-plane
yield limit, it may be safe to assume in-plane elasticity for the effective model. This may be
done by setting other components of the Hill-type tensor to zero and is seen in Table 6.3
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Table 6.3: Anisotropic input parameters for the effective model obtained from fitting ho-
mogenized response.

(a) Elasticity

Elastic coefficients (MPa)
C11 52000

C12 0

C13 0

C22 52000

C23 0

C33 650

C44 10000

C55 750

C66 750

(b) Viscoplasticity

Hill coefficients (-)
α11 0

α12 0

α13 0

α22 0

α23 0

α33 ᾱ33

α44 0

α55 0

α66 0

After bringing the homogenized interconnect contacts to the mechanically compressed
configuration, the high-fidelity model of the tall and short contacts are subjected to a
temperature loading and the stress σhf is plotted over temperature in Figure 6.4(d). It
is seen in Figure 6.4(d) that there is a different rate of yielding for both contacts. This
is primarily due to different final configuration of stress states after mechanical loading
which in turn maybe traced back to the difference in their height dimensions. This suggests
that the evolution of plastic flow during temperature loading is somehow dependent on
the variability of height dimension.

The orthotropic elastic tensor component does not change significantly with temperature
in this case. However, the evolution of the Hill-type plasticity tensor component ᾱ33 with
temperature for the tall contact ᾱtc33 and the short contact ᾱsc33 are shown in Table 6.5.
For all temperatures in between the stated values, the corresponding ᾱ33 may be linearly
interpolated. While application to a large range of varying height dimensions, the Hill-
type coefficients ᾱ33 may be calibrated for several height values in the tolerance domain
and may be interpolated for the ones in between.

6.2.2 Thermal validation for 1-Layer: 16 Contacts

In order to validate the effects of dimensional variance seen during temperature ramp-up
in the effective model, it may be compared to its corresponding high-fidelity counterpart.
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Table 6.4: Input parameters for the effective model obtained from fit to homogenized
response.

(a) Viscoplasticity.

Initial strain rate (-)
ε̇0 0.00253602

Initial stress (MPa)
σ0 244.81

Exponent (-)
n 1.55

(b) Tall contact.

Offset strain (-)
εof,tctol 0.025

Coating thickness (mm)
atc 0.02

Coating stiffness (MPa)
btc 40.0

(c) Short contact.

Offset strain (-)
εof,sctol 0.036

Coating thickness (mm)
asc 0.02

Coating stiffness (MPa)
bsc 40.0

(d) Thermal expansion

Thermal expansion coefficient
αth 10−6

Reference temperature (◦C)
T0 25.0

Table 6.5: Evolution of plasticity tensor with temperature for the tall and short contact

temp(◦C) 25 200 400 600 700
ᾱsc33 2000 4500 5000 6000 8000
ᾱtc33 4410 5000 6000 7000 8000

To do so, the tall and short contacts described in Section 6.2.1 are used to create a grid
of contacts representing a portion in the active area with heterogenous height dimen-
sions. For simplicity, two configurations of contact heights 3 µm apart are considered
and arranged in the grid. This grid of heterogenous contacts is constrained at its edges
and compressed mechanically with a displacement of 14 µm in the out-of-plane direction.
Later, the mechanical configuration of the contacts is kept fixed and the temperature of
the system is ramped up from 25◦C and 600◦C. The stress distribution in the high-fidelity
analysis is shown in Figure 6.5(a). The force plotted over displacement during mechanical
compression is shown in Figure 6.5(c) and force plotted over temperature during heating
up is shown in Figure 6.5(d). The effective model is subjected to the same boundary
conditions and the average homogenized stress distribution is shown in Figure 6.5(b).
The corresponding forces are plotted with displacements in Figure 6.5(c) and the forces
plotted over temperatures are shown in Figure 6.5(d).
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(a) High-fidelity model (b) Effective model
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Figure 6.5: Comparison of the effect of thermal expansion for the high-fidelity model and
effective model of an interconnect with varying contact heights

The computational time required for the high-fidelity model was about 35 hours on the
high performance cluster (HPC) with 48 cores. While the computation time required for
the effective model was about 30 seconds on a standard desktop computer. The alignment
of the force responses in the high-fidelity and effective models suggests that, the model
accuracy achieved in the effective model, is a good compromise for the reduced simulation
time.

6.3 Operation

During operation, the SOC stack is held at a constant temperature of about 600◦C for pro-
longed periods of time. In this section, the relaxation behavior at single contacts over large
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timescales are investigated using the homogenization approach assuming the variability
in their height dimension. Later, an effective model is calibrated with suitable parameters
to fit the high-fidelity model. Lastly, a comparison is done for a large grid of contacts
between the high-fidelity and effective model configurations.

6.3.1 Parameter Identification

Generally, an SOC stack is constrained in a closed set up. During operation, the forces
in a stack tend to relax due to the viscous behavior of metals at high temperatures
over prolonged periods of time. This causes a reduction in the contact pressure over
the lifetime of the stack, increasing ohmic resistance which deteriorates performance.
These relaxation effects are attempted to be addressed using the homogenization ap-
proach in this section considering the heterogenous contact height distribution in the
active area.

In order to achieve this, interconnect contacts with two height dimensions in the out-
of-plane direction are considered, both being 3 µm apart as shown in Figure 6.6(a) and
Figure 6.6(b). The representative unit volumes are then subjected to periodic boundary
conditions as shown in Chapter 4. Let us assume their stress-states at the start of opera-
tion are defined in Figure 6.6(c) and Figure 6.6(d) for the tall and the short contact and
the model is kinematically held in this configuration over a period of about 104s at 600◦C.
The homogenized out-of-plane stress σhfzz is plotted over time in Figure 6.6(c) for the tall
contact and in Figure 6.6(d) for the short contact. It may be noted that the tall and the
short contacts have the same stresses after 104s suggesting that the rate of relaxation in
the tall contact is larger than the short contact. This infers that the rate of relaxation, is
dependent on the stress-state of the contact at the start of operation which is influenced by
the height dimension. The effective model is subjected to the same boundary conditions
so that the homogenized out-of-plane stress in the effective model σefzz is fit onto that in the
high-fidelity model σhfzz . This is shown for the tall contact in Figure 6.6(c) and the short
contact in Figure 6.6(d). It may also be noted that, variability in the height dimension
is accounted for by the offset-strain which is equal to the strain corresponding to 3 µm
in the short contact. Therefore, simply varying the offset-strain in the two configurations
of contact heights can represent the resulting effective stresses σeftc for the tall contact
Figure 6.6(c) and σefsc for the short contact in Figure 6.6(d).

Table 6.6 summarizes the fitted orthotropic elastic and Hill-type viscoplastic coefficients
in the effective model and Table 6.7 summarizes the rate dependent coefficients along with
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(a) Tall contact with coating (b) Short contact with coating
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(c) Stress-Time response for tall contact
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Figure 6.6: Relaxation behavior for contacts with variability in height dimensions

Table 6.6: Anisotropic input parameters for the effective model obtained from fitting ho-
mogenized response at 600◦C.

(a) Elasticity

Elastic coefficients (MPa)
C11 52000

C12 0

C13 0

C22 52000

C23 0

C33 310

C44 10000

C55 750

C66 750

(b) Viscoplasticity

Hill coefficients (-)
α11 0

α12 0

α13 0

α22 0

α23 0

α33 2100000

α44 0

α55 0

α66 0
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Table 6.7: Input parameters for the effective model obtained from fit to homogenized
response at 600◦C.

(a) Viscoplasticity.

Initial strain rate (-)
ε̇0 3.5e−9

Initial stress (MPa)
σ0 290.81

Exponent (-)
n 2.28

(b) Tall contact.

Offset strain (-)
εof,tctol 0.025

Coating thickness (mm)
atc 0.02

Coating stiffness (MPa)
btc 40.0

(c) Short contact.

Offset strain (-)
εof,sctol 0.036

Coating thickness (mm)
asc 0.02

Coating stiffness (MPa)
bsc 40.0

offset and coating parameters for the tall and short contacts.

6.3.2 Relaxation validation for 1-Layer: 16 Contacts

In order to validate the relaxation behavior for the effective model, it may be compared
to its corresponding high-fidelity model with varying height dimensions. As mentioned
in the previous section, the contacts described in Section 6.3 are arranged together to
form a grid of sixteen contacts representing a typical portion of the active area. The
height difference between the two configurations of contacts were considered to be 3 µm
apart. This grid of contacts was then preloaded mechanically with a displacement of
14 µm. Assuming this configuration as the starting point for operation, the system is
then held in this position over a period of about 104s at a temperature of 600◦C. The
stress distribution in the high-fidelity analysis is shown in Figure 6.7(a). The effective
model is loaded with the same mechanical displacement for the same time period and
temperatures and average homogenized stress distribution is shown in Figure 6.7(b). The
relaxation force is plotted over time for the high-fidelity model and the effective-model in
Figure 6.7(c).

The high-fidelity model took about 42 hours of run-time with 48 cores on the high per-
formance cluster (HPC). Whereas, the effective model took about 3 minutes to comple-
tion on a standard desktop computer. The force responses in the high-fidelity model
and the effective model indicate that the effective model represents the high-fidelity
model to a high degree of precision and may be used to represent the high-fidelity
model.
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(a) High-fidelity model (b) Effective model
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Figure 6.7: Comparison of the effect of relaxation for the high-fidelity model and effective
model of an interconnect with varying contact heights

6.4 Unified model

Upon validating the individual effects on a grid of contacts for each loading step, all
these steps in the life cycle of an SOC stack may be combined into one unified model.
However, in order to model different time scales during temperature ramp-up and op-
eration, it may not be possible to use the same set of viscoplastic material parameters
for the two process steps using this material model. Therefore, each step needs to be
modeled separately using a set of material parameters to obtain its corresponding stress
state and model configuration at the end of the step. This deformed model configura-
tion and stress state is then imported into the next process step for the current stress
state and configuration. Using this approach, the theoretical contact pressures may be
calculated stepwise and later, the corresponding operational electrical resistance may be
estimated.
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Figure 6.8 depicts the loading curves for the three process steps for the high-fidelity and
effective models. In the mechanical loading phase, the contact is compressed uniaxially in
the out-of-plane direction with a deformation of 14 µm. The corresponding stress-strain
relationship is depicted in Figure 6.8(a). This deformed geometry and stress configuration
is then subjected to a thermal loading from 25◦C to 600◦C while constraining further
deformation. Figure 6.8(b) represents the stress-temperature relations for the high-fidelity
and effective models during thermal loading. Once again, the deformed geometry and
stress configuration obtained at the end of this stage are then allowed to relax over a
time period of 104s. Figure 6.8(c) shows the stress-time relation during operation which
depicts the relaxation behavior over large time scales.

As mentioned before, the model considered here uses a different set of material parameters
for each stage because the set of material parameters required to fit larger timescales of
operation are incapable of capturing the non-linear viscoplastic effects observed during
smaller timescales of heating up. Using individual steps, the stress path across these
loading steps may be determined to obtain contact forces on individual contacts in the
active area of a stack at any stage during its lifetime.
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(c) Stress response with time during operation
of an SOC contact

Figure 6.8: Unified model for the three process steps of an SOC contact life-cycle
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6.5 Summary of computational investigations and

validation

In summary to the investigations conducted in this chapter, a fast computing effective
model was parameterized and fit to the homogenized high-fidelity simulations. The ef-
fective model was representative to the high-fidelity model in terms of all uniaxial or-
thotropic loading cases as well as volume dilational relations in the elasto viscoplastic
framework.

In order to validate the proposed offset and coating formulations derived in Chapter 5, a
corresponding full field simulation for individual loading steps was created and compared
with the effective model. The loading steps represented the effect of contact tolerances
during assembly, temperature ramp-up and operation to give the stress path during the
lifecycle of individual contacts. It was noted that the computational time required for
the effective model was reduced by several orders of magnitude while maintaining a high
order of accuracy for each of the loading steps.

Finally, a unified model was demonstrated by performing each of the loading steps sub-
sequently on the corresponding deformed configurations of the model from preceeding
steps. In summary, this gives a fast computing model which accounts for the height
variability of contacts considering all the model requirements stated in Chapter 4 and
Chapter 5. In the next chapter, the output parameters obtained from the effective model
will be used to extrapolate relavant parameters which determine the theoretical electrical
contact resistance.



7 Correlating effective model
parameters to contact resistance

With the validation of a computationally feasible finite element approach for evaluating
mechanical stresses over the lifetime of SOC contacts in Chapter 6, the next step involves
extrapolating the required parameters to estimate the electrical contact resistance. The
influence of mechanical loading on electrical contact resistance has been studied previously
in literature [21–25, 152]. These works provide insight into the correlation between me-
chanical loading and electrical contact resistance in a stack.

Building upon these insights and the model developed in the previous chapters, the
current chapter aims at finding a path to determine some key performance parame-
ters of an SOC using the finite element model. To achieve this, the model calculates
stress on individual contacts within the finite element framework during different load-
ing stages. These stress values can then be integrated into a relation which captures
the dependence of contact resistance on mechanical loading in a generalized form, allow-
ing for the estimation of theoretical contact resistance from the effective model parame-
ters.

In the context of evaluating the required parameters from the model, there are two key
quantities that can be measured experimentally:

• Contact pressure after mechanical assembly

• Electrical contact resistance during operation

The primary focus of this chapter is to determine these two measurable quantities from the
finite element model by establishing a suitable workflow with simulation results.
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7.1 Evaluation of contact pressure after mechanical

assembly

To evaluate the contact pressure after mechanical loading, a suitable methodology is
outlined in this section based on an assumption that the only form of tolerance on the SOC
contacts is the variability in the height dimension, with all other dimensions being fixed
according to design specifications. While estimating contact pressure in the high-fidelity
model, the contact area varies due to deformation during the loading cycle, introducing a
geometric dependence which can be attributed to the interconnect design. This geometric
dependence can be effectively captured by considering the effective strain (εef = ε− εof )

experienced by the contact during loading.

To achieve this, a relationship between the average contact pressure and the effective
strain may be evaluated at an individual contact. This can be considered in a typical
high-fidelity simulation as shown in Figure 7.1(a) and the corresponding relation for the
average contact pressure phfavg over a specific area in the RVE is shown in Figure 7.1(b). In
a practical scenario, the driving displacement or applied force used for stack compression
serves as the boundary condition for the effective model. Upon computing the effective
strains within effective model, the relation from Figure 7.1(b) can be used to determine
the average contact pressure directly from this model. For a more generalized workflow,
the Gaussian function mentioned in Equation 7.1.1 is then fitted onto the relation by
assigning suitable coefficients. With Equation 7.1.1, the contact pressure pef is written
as a function of the effective strains εefzz and can be approximated directly in the effective
model.

pef (εefzz) = k1 exp

[
−
(
εefzz − k2

k3

)2
]

+k4 exp

[
−
(
εefzz − k5

k6

)2
]

+k7 exp

[
−
(
εefzz − k8

k9

)2
]

(7.1.1)
where, the effective strain is within the bounds for which the function is fitted εefzz ∈
[0, 0.25]. The coefficients for Equation 7.1.1 are evaluated using a curve fitting routine and
summarized in Table 7.1. Using these parameters, the fitted function in Equation 7.1.1
is plotted as pef in Figure 7.1(b).

To check if this relation holds true for different tolerance values, the average contact
pressure phfavg at each contact is evaluated in a high-fidelity grid of sixteen contacts shown
in Figure 7.2(a) and compared with the contact pressures pef evaluated from the effective



100 7.1. Evaluation of contact pressure after mechanical assembly

(a) Contact pressure phfavg in high-fidelity sim-
ulation for one contact
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Figure 7.1: Evaluating contact pressures at individual contacts in the high-fidelity phf and
effective model pef .

Table 7.1: Input parameters for estimation of contact pressure from effective model re-
sponse.

Contact pressure coefficients (-)
k1 46.83

k2 0.06711

k3 0.02851

k4 63.51

k5 0.1118

k6 0.05506

k7 67.28

k8 0.2106

k9 0.1014
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model shown in Figure 7.2(b). At a nominal stacking force of about 218N , the distribution
of contact pressures at each contact is compared for the high-fidelity model and the
effective model in Figure 7.2(c).

(a) Contact pressure phfavg in high-fidelity sim-
ulation of 16 contacts

(b) Contact pressure pef in effective model of
16 contacts
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(c) Comparison of contact pressures in high-fidelity phf and effective model pef at 218N

Figure 7.2: Validation of contact pressures at individual contacts in the high-fidelity phfavg
and effective model pef .

It is important to note that this relation is applicable to the contact pressure for a purely
mechanical loading as the contact pressure is a function of the driving strain pavg(ε

ef ).
With this framework, the mechanical pressures at the interconnect contacts can be calcu-
lated after mechanical compression at room temperature.

7.2 Relation to electrical output

Upon defining a workflow to compute the contact pressure pef directly in the effective
model, the next step is to establish a relation of the electrical contact resistance with the
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output parameters available from the effective model [153]. In order do so, it is essen-
tial to isolate the contact resistances by considering a small portion of the interconnect
with negligible in-plane bulk resistance in comparison to the contact resistance. Using an
experimental arrangement as shown in Figure 7.3(a), the contact resistance at a single
contact was measured while applying a force on the contact and heating it up to opera-
tional temperature. This test was done for different forces within the expected operational
force range while measuring the contact resistance. Thus, a dependence of the contact
resistance with the applied force is observed at operating temperatures in the normalized
experimental relation and is plotted in Figure 7.3(b). As no other variables are considered
for these tests, at a constant temperature, the contact resistance Rcontact may be expressed
as a function of the applied contact force F ef provided the applied force is within the do-
main of experimentally applied forces F ef ∈ [F0,Fn].

(a) Experimental set-up to determine contact
resistance as a function of applied load
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(b) Normalized relation of electrical resistance
with contact force

Figure 7.3: Experimental evaluation of contact resistance as a function of contact pressure

Rcontact = {Rcontact(F
ef ) |F ef ∈ [F0,Fn]} (7.2.1)

This function was fitted onto the experimental data using a curve fitting routine and
is shown in Figure 7.3(b). The corresponding mathematical formulation for the contact
resistance Rcontact is expressed in Equation 7.2.2,

Rcontact(F
ef ) = k1e

k2F ef

+ k3e
k4F ef

(7.2.2)

where, the force is within the bounds for which the function is fitted F ef ∈ [F0,F ] and
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Table 7.2: Coefficients for Equation 7.2.2 obtained from curve fitting routine.
Contact resistance coefficients (-)
k1 0.001763

k2 −5.655

k3 0.6182

k4 −0.1111

the fitted coefficients k1, k2, k3 and k4 are noted in Table 7.2. Subsequently, the contact
forces may be evaluated in the effective model from the stress states in the loading steps,
seen in Section 6.4 can be directly plugged into Equation 7.2.2 to calculate the contact
resistance within the given force range.

As depicted in Figure 7.4(a), while assuming negligible in-plane bulk resistance within
the interconnect as well as the substrate, the individual contact resistances on a single
interconnect form a set of parallel resistances for the contacting between each repeat unit.
In a similar way, the stack may be viewed as parallel circuits connected in series with the
subsequent repeat units. In such a way, the theoretical contact resistance in a stack may
be evaluated.

In order to demonstrate this workflow, a grid of 16 contacts with arbitrary height dimen-
sions on each contact is considered during operation and shown in Figure 7.4(b). The
stress states during operation are simulated and used to calculate the resistance at each
contact over life-time using the normalized relation shown in Equation 7.2.2. The contact
resistances are plotted over the operating time for each contact in Figure 7.4(c). Fi-
nally, considering the grid as a circuit of parallel resistances, the total contact resistance
of the grid is evaluated over the simulated operational duration using Equation 7.2.3.

1

RLayer

=
1

R1

+
1

R2

+
1

R3

+ ....+
1

Rn

(7.2.3)

Upon computing the total resistance over time RLayer for the grid of contacts, it is a
common practice to compute the specific resistance Rsp = RLayer.A, where A is the area
under consideration in cm2 which can be considered as unit area in this demonstration. In
the next chapter, the demonstrated approach will be used to validated with experimental
tests over a grid of contacts.
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(a) An SOC stack in the form of a circuit of contact resis-
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(b) Grid of contacts with varying height di-
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Figure 7.4: Application: Evaluation of electrical contact resistance
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7.3 Summary

The output parameters like stresses and strains in the finite element model are limited in
terms of applicability in real-world SOC use-case. In this chapter, a suitable workflow was
outlined to obtain typically used key performance parameters for an SOC use-case, directly
from the effective model. This creates a framework to estimate the contact pressures
after mechanical compression and the electrical contact resistance on the contacts from
the output of the effective model.



8 Experimental validation

In the preceding chapters, a modeling approach was developed to calculate the theoretical
contact pressures at individual contacts within the finite element framework. With this
methodology, it is possible to calculate the ohmic contact resistance at individual intercon-
nect contacts. In Chapter 4, challenges related to manufacturing tolerances were identified
for the mechanical contacting during stacking. In Chapter 5, constitutive model equa-
tions were formulated and adapted to account for dimensional tolerances, and these were
implemented using the homogenization approach to achieve practical computation times.
In Chapter 6, the developed effective models were validated against their corresponding
high-fidelity models for various loading steps encountered during the lifetime of an SOC
stack. Chapter 7 employs the effective model to determine key parameters to evaluate the
theoretical ohmic resistance. In the current chapter, the model is compared with experi-
mental tests to assess its application in a typical use-case.

Validation experiments are conducted to examine two phenomena:

• Contact pressures distribution in the active area after mechanical stacking

• Total contact resistance across a grid of contacts at operational temperature

8.1 Mechanical contact pressure tests

In order to assess the efficiency of mechanical stacking, the quality of contacting after
mechanical stack assembly is evaluated experimentally, as was briefly outlined in Sec-
tion 4.3. This evaluation employs a method commonly known in the literature as pressure
film testing. This section provides a detailed description of the pressure film test. Sub-
sequently, the test is conducted on a 10-layer stack, and the results are compared with
corresponding finite element simulations. By comparing the force-deformation relation-
ships from experiments and simulations, along with the degree of similarity in contact
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patterns, the accuracy of the formulated simulation methods may be evaluated for the
given use-case.

8.1.1 Pressure film experiments

Several pressure film investigations concerning the contact pressure distribution in the
active area have been carried out in literature [139, 140, 143]. Pressure films are thin,
durable sheets embedded with microcapsules containing a coloring agent. When mechan-
ical pressure exceeding a certain threshold is applied to the pressure films, these capsules
burst, releasing the coloring agent, which then reacts with a color developer to produce
red-colored areas on the film. The intensity of the color varies with the magnitude of the
applied pressure, thereby creating a visible distribution of pressure across the contacting
surfaces. Different variants of the pressure film sheets are designed to measure contact
pressures within a specified range. The selection of the appropriate pressure film variant
is crucial to ensure the pressure values fall within the effective measurement range of the
pressure film [154–156].

Figure 8.1: Mechanical setup of a stack with pressure films between cells

In an SOC stack, pressure films are commonly used to assess contact pressure distri-
bution between repeat units in the active area. Typically, a stack is constructed using
individual cells, with pressure films placed between them [157]. In this case, pressure
films are placed at four locations in the stack, after every 2 repeat units. The me-
chanical setup for a 10-layer stack is shown in Figure 8.1. When mechanical loading is
applied to compress the stack, the metallic interconnect leaves an imprint on the film,
where the intensity of the imprint corresponds to the contact pressure created at that
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contact. These imprints are then quantitatively analyzed using Fujifilm software (FPD-
8010E).

(a) Pressure distribution on a single contact (b) Visualization of pressure film data

(c) Pressure distribution in a grid of contacts
(d) Effective pressure distribution in a grid of

contacts

Figure 8.2: Quantitative evaluation of pressure film data

After conducting the test, the pressure film image data is imported into the Fujifilm
software, and a postprocessing step is performed in MATLAB to enhance the visualiza-
tion of the pressure distribution. In this step, the intensity of red tones is replaced by
a continuous spectrum, as shown in Figure 8.2(a) for a single contact. Additionally, the
pressure intensities at the pixels of a scanned imprint may be represented as a histogram
in Figure 8.2(b). The pressures at each distinct contact, shown in Figure 8.2(c), are then
segmented using image processing tools, such as a bounding box. As depicted in Fig-
ure 8.2(d), the pressure over each contact is averaged across its area to determine the
effective contact pressures. This postprocessing approach enhances the pressure distribu-
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tion contour with an improved visualization of the averaged contact pressures for better
interpretation.

Cautions with pressure film experiments

Pressure film experiments are reliable in capturing the variation of pressure distribution
across the active area. However, the absolute pressure values may not be entirely re-
peatable in the current application due to the contact between small, relatively sharp
surfaces. This may introduce inaccuracies in the absolute values of contact pressures
obtained through experimental methods as each contact point may produce pressure im-
prints which may not be resolved by any single type of film. Nonetheless, the pressure
distribution patterns across the active area tend to be consistent when the same stack is
compressed multiple times.

Another limitation of the pressure film test is the potential presence of defects in the films,
which can result in smudges on certain areas of the sheet. These smudges may arise from
improper handling or inherent defects in specific locations of the pressure film. To ensure
accurate pressure distribution measurements, it is crucial that the sheets are defect-free
and handled with care during testing.

Finally, it is important to note that the contact patterns observed during mechanical stack-
ing can change at operational temperatures due to various factors. However, the pressure
film test is limited to room temperature and can only determine the contact pressure
distribution after mechanical stacking step, without being able to give information on the
change in contact configuration during operation.

8.1.2 Simulation of pressure film tests

In the previous subsection, an experimental setup of the pressure film test consisting
of 10 repeat units were stacked together and compressed with a mechanical load to ob-
tain the contact pressure distribution in the active area. In order to demonstrate the
methods developed in this work, a finite element model of these repeat units is con-
structed to compare the key parameters obtained from simulations with the experimental
results.

To achieve this, each repeat unit is measured at the measurement station described in Sec-
tion 4.3.1. After postprocessing the measurement data, profiles of individual substrates
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Table 8.1: Characterized profiles for measured interconnects and substrates and contact
height distributions for interconnect contacts

Interconnect profile Substrate profile Contact height tolerance
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and interconnects are characterized by fitting them onto a 5thorder polynomial plane equa-
tion, of the form described in Equation 4.3.1. The characterized profiles for some of the
substrates and interconnects are illustrated in Table 8.1. These profiles are then employed
in the finite element framework by mapping the nodes of the discretized geometries of the
interconnect and substrate to coordinates determined from their respective polynomial
equations. The finite element solver ABAQUS CAE is used for this purpose and the ge-
ometries for each substrate and interconnect are generated using an automated workflow
programmed in PYTHON. This ensures that the finite element model may accurately
capture the unique geometric features of each repeat unit and provides a reliable basis for
comparison with the experimental tests.

As outlined in Section 4.3.3, the contact height tolerances are spatially characterized in the
form of a matrix which represents the tolerance values at each contact point. This matrix
is imported into ABAQUS CAE through the PYTHON workflow and then each element is
assigned a value of offset-strain which is directly correlated to the corresponding contact
height tolerance. As discussed in Section 4.3.3, this approach allows the precise reflection
of the dimensional variability present at the interconnect contacts. With the characterized
profile geometries and evaluated offset strains, the manufacturing non-idealities described
in Section 4.3 are systematically integrated into the model.

Figure 8.3: Simplified finite element model of the stack based on measurement data

The discretization of individual repeat units is done in such a way that each represen-
tative unit volume of the interconnect may represent a single element. Hexagonal ele-
ments (C3D8) are used to discretize the interconnect and continuum solid shell elements
(CSS8) are chosen for the metallic substrate due to their higher degree of bending. The
repeat units are stacked together into an assembly and held between rigid plates. A
surface-to-surface contact formulation is defined for each contacting surface in the as-
sembly. The assembly for the model is depicted in Figure 8.3. Finally, compressive
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deformation is applied representing boundary conditions similar to the experimental tests
over one static time step. The corresponding finite element calculations are done nu-
merically in the ABAQUS solver and the results obtained will be looked at in the next
section.

8.1.3 Comparison of simulation results with experiments

In this section, a comparison between the results of the experimental and simulation
approaches is made for the 10-layer stack. Two key parameters are chosen to serve as a
basis for comparison of the two approaches:

• Force-deformation relation of the stack

• Contact pressure distribution patterns in the active area
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Figure 8.4: Force-Deformation relation of a 10-layer stack during mechanical compression

Upon completion of the simulation, the force-deformation curves of the simulations and
experiments are compared. Figure 8.4 presents the force-deformation behavior for both
the experimental tests and simulations. The initial portion of the curve is characterized
by a low stiffness, which is attributed to the compression of the non-repeated bend-
ing profiles that have gaps between the layers. Once these profile gaps are closed, the
stiffness sharply increases until the target force is reached, as seen in Figure 8.4. The
force-deformation curves for the simulations and experiments appear to align closely with
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each other. This correlation between the model and experimental tests suggests that
the model represents the mechanical response of the tests to a high degree of preci-
sion.

Another key aspect of this study is to understand the effect of the applied force on contact
pressure distribution across the active area. In order to do so, the contact pressure
distribution generated during simulations and experiments must be compared. This may
be achieved by simply comparing the degree of similarity between contact patterns for
the simulations and experiments. For the experimental approach, the data obtained
from pressure films was postprocessed in MATLAB to visualize the contour of contact
pressure distribution as described in Section 8.1.1. Similarly, the simulation data was
postprocessed using the same steps and the resulting pressure contours were compared in
Table 8.2.

The results reveal that, the contact pressures are generally higher at the edges compared to
the center of the active area. As the simulated model captures these details, these effects
may be seen as a consequence of the interaction of contact height distributions and profiles
of individual components which is considered by the effective model. The comparison of
contact patterns for the four measured layers show a strong spatial correlation between the
simulation and experimental results, indicating that the finite element model effectively
represents the experimental stack compression behavior. This validates the simulation
model for stack compression analysis.
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Table 8.2: Comparison of experimental and simulated contacting patterns in the active
area

Simulation Experiment Probability distribution
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8.2 Operational contact resistance tests

8.2.1 Experimental set-up

As discussed in the previous chapters, at operational temperatures, various thermal influ-
ences come into play and can alter the contact pressure configuration established at room
temperature, which may consequently change the contact resistance. The final objective
of this work is to apply the developed methods to a specific use-case to determine the me-
chanical loading at individual contacts and to evaluate the theoretically derived contact
resistance presented in Chapter 7.

To evaluate the contact resistance over a representative section of the active area, a grid
of 9x9 contacts from the active area of the interconnect is cut out and integrated into an
experimental setup, as shown in Figure 8.5(a). This grid is connected in a series circuit
together with the metallic substrate depicted in Figure 8.5(b) where the voltage drop
across the interconnect and substrate is recorded. This assembly is compressed under
varying loads, applied as weight placed on the interconnect. The interconnect-substrate
assembly is placed in an oven and heated up to 600◦C as depicted in Figure 8.5(b). The
temperature of the interconnect is monitored using a thermoelement. The resistance
across the interconnect and the substrate is calculated at operational temperatures using
a device called a RESISTOMAT.

In order to demonstrate the applicability of the model, the weights on the interconnect-
substrate assembly are varied and the tests are repeated for different weights. These
tests are conducted for four weights corresponding to 10N, 50N, 120N and 200N of
force. The contact resistances are then evaluated at 600◦C for the corresponding ap-
plied forces are plotted in the next section in Figure 8.7 and compared to simulation
results.
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(a) Experimental arrangement for contact resis-
tance tests

V

Vm

Is

Interconnect

Substrate

Oven

(b) Schematic representation of the experimental set-up in the form
of a circuit diagram

Figure 8.5: Experimental approach for measuring contact resistance across a grid of con-
tacts
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8.2.2 Simulation model

In order to test the methods developed in this work, a finite element model of the grid
of contacts shown in Figure 8.5(a) is created in ABAQUS. The dimensional variability
across the grid of contacts was measured using the measurement station described in
Section 4.3.1 and the contact height distribution is presented in Figure 8.6(a). Due to the
relatively small portion of the active area, the bending profile measured was flat and was
not required to be fit with polynomial equation.

The measured contact heights are translated into the model as offset strains and consid-
ering the flat profile of the interconnect. The grid of contacts was loaded with a range of
forces up to 200 N. Keeping the force constant, a thermal loading was applied to the grid
of contacts from 25◦C up to 600◦C.

(a) Contact height distribution across the in-
terconnect grid

(b) Stress distribution across the interconnect
grid

Figure 8.6: Contact height distribution of the contact grid and stress distribution across
the contact grid on application of loading

Using the methodology described in Section 7.2, the contact forces are determined from
the stress-state at the end of the thermal loading and these contact forces are then used
to evaluate the contact resistance at each contact using Equation 7.2.2. Upon doing so,
the total resistance of the contacts are calculated with the relation for parallel resistances
demonstrated in equation 7.2.3.

The simulated contact resistances are plotted against their corresponding applied forces
in Figure 8.7. The experimental contact resistances evaluated at specific forces are plotted
in the comparison to the simulated curve. This demonstrates that the proposed workflow
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gives a reasonable estimate of the contact resistance during operation. Consequently,
it also means that the variation of forces with temperature shown in the model are in
alignment with experimental contact forces which in turn show a good alignment of their
contact resistances.
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Figure 8.7: Comparison of theoretical resistances with experimental tests

8.3 Summary

In summary of the current chapter, the developed model was applied to use-cases for
the mechanical stacking process and to estimate the electrical contact resistance at the
contacts. On comparison with experimental results the model showed a close alignment
with experimental data.



9 Conclusion and Outlook

9.1 Conclusion

This work focuses on developing the necessary tools within the finite element framework
to estimate the effects of non-ideal manufacturing conditions on SOC components, par-
ticularly in relation to the contact configuration. To derive the necessary material data,
experimental tests were conducted on individual contacts for the outlined loading condi-
tions expected within the lifetime of the SOC stack.

Due to the large computational times required for commercial stack simulations, com-
putational homogenization methods were employed by characterizing the periodically
repeating structure of SOC contacts as the representative volume of the active area.
However, there was a deviation between simulation results and experimental tests due to
manufacturing tolerances on components. These manufacturing tolerances on the SOC
interconnect were characterized into two types:

• Bending tolerances

• Contact height tolerances

Out of the two mentioned forms of manufacturing tolerances the bending tolerances
were easily adaptable into the homogenization framework, however, conventional plas-
ticity models could not represent the tolerance behavior on individual contacts as an
equivalent material response. Moreover, the behavior of the coating and volume di-
lation within the plastic domain also needed to be considered. In order to model all
these effects using the homogenization approach, within the finite element framework,
a constitutive material model was developed with the offset formulation and coating
formulation. The constitutive model was then adapted to show thermal and rate de-
pendent effects like thermal expansion, temperature dependence of elastoplastic material

119



120 9.1. Conclusion

response and creeping/relaxation. The constitutive model is then represented in an al-
gorithmic setting and implemented into the finite element framework in the form of a
subroutine.

Upon developing a model that is capable of capturing the aforementioned effects, the
model was calibrated with suitable parameters to represent the different loading cases in
the lifetime of the SOC stack. The methodology was then applied to a grid of contacts
with variability in the contact height dimensions, to compare the full-field and simplified
models. Upon comparison it was seen that the high-fidelity model closely represented the
full-field model and captured the required aspects.

In order to extract the required key parameters from the finite element model, a work-
flow was created to obtain these parameters directly from the effective model. The two
key parameters which were considered important for the electrical contact resistance
were:

• Contact pressure after mechanical stacking.

• Electrical contact resistance

Finally, the developed methodology was applied to an experimental use-case. The two
use cases were:

• Mechanical stack assembly at room temperature: In this test, a stack was mechan-
ically compressed and the mechanical stiffness, along with the generated contact
patterns of the simulation were compared to experiments.

• Electrical contact resistance: In this test, a grid of contacts were compressed and
heated to operational temperature. Within a series circuit, the electrical contact
resistance across the grid was measured and compared to the values estimated from
simulations.

The above-mentioned use-cases, give confidence that the developed model shows the ex-
perimentally observed mechanical behavior during the stacking process. Moreover, the
convergence of the calculated electrical contact resistance with experimental values sug-
gests that, the finite element model demonstrates a reasonable evolution of the contacting
configuration at operational temperatures.
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Limitations of model

Along with the aforementioned methodology and potential applications for the model,
it may be worthwhile to examine the limitations and future prospects that could be
incorporated into this model. One such prominent aspect is the thermal cycling behav-
ior [158–160]. Although the proposed model is assumed to operate under steady-state
conditions in this work as it is done in most studies, the inclusion of such transient be-
havior may be interesting to understand its effect on the contacting configuration and
its impact on stack performance. For this, it may be necessary to calibrate the model
parameters to a thermal cycling suitable use case.

Another aspect could be the formation of oxide layers on metallic components of the
SOC, which may cause degradation over prolonged operational times [161, 162]. The ef-
fect of this oxidation is not incorporated into the proposed model and may be seen as
an area for improvement. The offset formulation may be adapted to account for this
behavior by introducing an additional strain component that varies as a function of op-
eration time, thereby increasing the total effective strain. With suitable enhancements to
the current framework of constitutive equations, along with appropriate thermodynamic
considerations, these degradation mechanisms could be considered as a potential scope
for incorporating this phenomenon.

9.2 Outlook and further scope

9.2.1 Incorporation of design specific components into the model

The work presented in this dissertation focuses mainly on the active area region of the
SOC. However, for a practical application, there may be significant interaction between
the active area with the sealing gaskets which may have some influence on the force
distribution in the stack. In order to account for these effects, the inclusion of sealing
gaskets, welded cells and other design specific components must be considered to obtain
the final contacting configuration of a specific stack design.
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9.2.2 Parameter optimization

Using the proposed workflow, it becomes possible to optimize several parameters like
stacking force, geometric design of contacts, materials used etc. for achieving the de-
sired level of contacting in the active area. Moreover, it also becomes possible to de-
fine a limiting range of allowable tolerances from the perspective of process optimiza-
tion.

9.2.3 Optimization of stacking sequence

On validating the established simulation methods with experimental tests, it is now pos-
sible to obtain the contact configuration for every manufactured repeat unit in a stack
after mechanical stacking without costly experiments and minimal computational effort.
Upon measuring manufactured parts, the entire simulation workflow is automated in
PYTHON to create a continuous generation of data of contact patterns after the stacking
process.

One criteria for process optimization without change in design or material is the sequence
in which cells may be stacked. This was initiated by using the same cells to simulate
different stacking sequences to observe a difference in contacting quality. This indicates
that there may be an optimal sequence for stacking any given set of manufactured cells,
having specified their variability in their bending profiles and their contact height distri-
butions.

On attempting this approach for limited number of trials, it was seen that some con-
figurations of stacking sequences showed a slightly more homogenous contacting quality
than others. This suggests potential for further investigation in the direction of creating
data driven approaches like neural networks to identify the optimal stacking sequence of
manufactured cells.
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