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Kurzfassung

Lithium-lonen-Batterien sind eine der Schluisseltechnologien fiir eine emissionsfreie und nachhaltige
Zukunft, da die Nutzung erneuerbarer Energien die Elektrifizierung vieler tragbarer und mobiler
Anwendungen erfordert. Ein  Fehler einer Lithium-lonen-Batterie, insbesondere in
sicherheitskritischen Anwendungen, wie dem Automobil oder in der Luftfahrt, kann verheerende
Konsequenzen haben und muss daher verhindert werden. Zudem ist eine lange Lebensdauer
essentiell, um kostspielige Austauschvorgange der Batterien zu vermeiden.

Vibrationen sind eine der Umweltbedingungen, die Lithium-lonen-Batterien wéhrend ihrer
Lebensdauer standhalten missen und stehen im Mittelpunkt dieser Arbeit. Die Arbeit konzentriert
sich auf die Zell-Ebene und betrachtet alle drei populdren Zellformate, die da waren, zylindrische
Zellen, Pouch-Zellen und prismatische Zellen.

Die Gefahrdungsabschatzung zeigt, dass Feldfehler von Lithium-lonen-Zellen oder -Batterien in
Verbindung mit Vibrationen nur aufgrund unzureichender Verpackungen und dem damit
verbundenen Erzeugen externer Kurzschliisse und entsprechender negativer Effekte aufgetreten sind.
Gleichzeitig haben viele Feldfehler unbekannte Ursachen, die im Nachhinein nicht geklart werden
kénnen. Zusétzlich gilt, dass eine beschleunigte Alterung oder reduzierte Lebensdauer aufgrund von
Vibrationen madglicherweise verborgen oder vermischt mit anderen Alterungseffekten geschehen
kann.

Die Haupt-Forschungsfrage dieser Arbeit ist daher, welche Fehlermechanismen mit entsprechenden
Zustanden und Effekten durch Vibrationen in einer Lithium-lonen-Zelle ausgeldst werden kdnnen.
Diese Hauptfrage wird begleitet von verschiedenen Nebenfragen. Eine dieser Fragen ist, wie diese
Fehler durch die Konditionen der Zelle, wie zum Beispiel Ladezustand, Gesundheitszustand oder
Temperatur und vom inneren Design der Zelle selbst, beeinflusst werden. Der Einfluss der Vibration
selbst, zum Beispiel Uber die Frequenzanteile oder Amplituden, werden ebenfalls berlicksichtigt. Der
Fokus liegt hierbei auf nichtlinearen Effekten und deren Einfluss auf Vibrationsuntersuchungen,
Vibrationstests und Langlebigkeit.

Da die frei verflighare Literatur im Feld von Vibrationen teilweise widerspriichlich ist, beinhaltet
diese Arbeit die grundlegende Frage, ,,wie* eine Lithium-lonen-Zelle vibriert. Dies wird erreicht
durch die Anwendung des Konzepts der experimentellen Modalanalyse sowie eines
selbstentwickelten Prifstands, um die Strukturdynamik von Pouch-Zellen und prismatischen Zellen,
zu charakterisieren. Signifikant nichtlineares Verhalten und ein starker Einfluss von
Randbedingungen durch Wechselwirkungen mit dem Zellgehduse werden gezeigt. Dies flhrt zu
vollkommen unterschiedlichen Sensitivitdten zum Ladezustand fir Pouch-Zellen und prismatische
Zellen. Basierend auf der Charakterisierung, wird ein Vorgehen zum Aufbau von Finite-Elemente-



Kurzfassung

Modellen vorgeschlagen und beispielhaft fir Lithium-lonen-Pouchzellen dargestellt. Diese Studie
beinhaltet eine Analyse der Sensitivititen von elastischen Parametern auf die Strukturantwort.

Neben der Charakterisierung und Modellierung, zeigt eine vergleichende Studie zur
Langzeithaltbarkeit mit einer groRen Auswahl verschiedener zylindrischer 18650-Zellen, eine
Bewegung des inneren Mittelstabs als kritischsten Fehlermechanismus fiir zylindrische Zellen. Dies
ermdglicht die Ableitung von Empfehlungen fir das innere Design dieser Zellen.



Abstract

Lithium-ion batteries are one of the key technologies for an emission-free and sustainable future since
the usage of renewable energy requires the electrification of many portable or mobile applications.
Failure of a lithium-ion battery, especially in safety-critical automotive or aeronautic applications,
can have catastrophic consequences and must be prevented. In addition, a long lifetime is crucial to
avoid costly replacements.

Vibrations are one of the environmental conditions that lithium-ion batteries must endure during their
lifetime and are the focus of this thesis. The thesis concentrates on the cell level, including all three
popular cell formats, namely cylindrical cells, pouch cells and prismatic cells.

Risk assessment reveals that field-failures of lithium-ion cells or batteries in connection with
vibrations occurred only due to improper packaging, causing external short circuits with respective
negative effects. At the same time, many field failures have an unclear underlying cause, which cannot
be identified afterwards. In addition, accelerated aging or reduced lifetime due to vibration is probably
hidden by or mixed with other aging effects.

The main research question of this thesis is, therefore, which failure mechanisms with respective
failure modes and effects can be caused by vibrations in a lithium-ion cell. This main question is
accompanied by several side questions. One of them is how these failures are influenced by the cell’s
conditions, such as state of charge, state of health or temperature and the inner design of the cell itself.
The influence of the properties of vibration such as frequency content or amplitude is also considered
with a focus on nonlinear effects and their implications on vibration investigation, testing, and
durability.

Since the available literature in the field of vibration is sometimes contradictory, this thesis includes
the fundamental question “how” a lithium-ion cell vibrates. This question is answered using the
concept of experimental modal analysis and a self-developed test bench to characterize the structural
dynamics of pouch cells and prismatic cells. Significant nonlinear behavior and the strong influence
of the boundary conditions through interdependencies with the cell housing are found. This causes
completely different sensitivity to the state of charge for pouch cells and prismatic cells. On the basis
of the characterization, an approach to creating finite element models is proposed and exemplarily
presented for lithium-ion pouch cells. This study includes an analysis of the sensitivities of the
structural response to the elasticity parameters.

Besides characterization and modeling, a comparative durability study with a wide range of 18650
cells shows the movement of the inner mandrel as the most critical failure mechanism for the
cylindrical cells. This provides the opportunity to derive recommendations for the inner cell design.

v
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1 Introduction

Lithium-ion batteries are gaining importance with an increasing pace in many portable or mobile
applications such as cellphones, notebooks, power tools, electric bikes and scooters, hybrid electric
vehicles (HEV) and battery electric vehicles (BEV). This is due to their high specific energy, long
cycle life and high efficiency [1].

The importance of lithium-ion batteries is reflected in numbers. In 2018, for example, seven billion
cellphones and two million electric vehicles were in operation [2]. Additional accelerated replacement
of existing technologies with more efficient and cleaner technologies is required to achieve a
sufficient reduction in greenhouse gas emissions to meet the targets of the Paris agreement [3].

The success of this technological revolution strongly depends on the success of the lithium-ion
batteries since the battery is a major factor in terms of cost, lifetime and safety considerations [1].
Nowadays, lithium-ion batteries are even being incorporated into aeronautical technologies such as
more electric airplanes (MEA) or all electric airplanes (AEA) [4], helicopters [5] or unmanned aerial
vehicles (UAV) [6] to improve the ecological footprint of air transportation [7]. At the same time, the
aeronautics industry has very high requirements regarding reliability and safety. Because of the
severity of the consequences of an accident, a catastrophic failure, for example, must occur less than
once in 10° operational hours, also called a maximum of 1 failure in time (FIT) [8].

In contrast, several highly publicized incidents involving fire and explosion of lithium-ion batteries
[9-17] still raise doubts regarding the applicability of lithium-ion batteries for safety critical
applications. In addition, while the aging of lithium-ion batteries is less harmful than are safety critical
issues, a long lifetime is important to achieve consumer acceptance and to reduce life-cycle costs
(LCC).

To ensure the safe operation and long-life operation of the lithium-ion battery and to accelerate the
required introduction of sustainable technology, a deep understanding of the different failure modes
and the underlying failure mechanisms is of utmost importance. A good understanding will make it
possible to improve the design, production and operation of batteries or cells. Additionally, it is of
high interest if and how these failures can be prevented, detected, diagnosed, or predicted.

1.1 Motivation

In all mobile or portable applications, the lithium-ion battery and its cells must endure different
mechanical loads. These loads can be categorized as abnormal abuse loads and normal loading
conditions, which occur during the lifetime of a battery. Fig. 1 depicts these loads.
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Fig. 1: Categorization of different mechanical impacts on lithium-ion cells and batteries

Regarding the first category, “abuse”, possible loads are, for example, impact, penetration, bending,
compression, or shock. These loads can occur in case of the crash of an electric vehicle or electric
bike or the dropping of a portable device during handling. This category also includes a huge share
of the existing and available literature in the field of mechanical loads because of the importance of
lithium-ion battery safety [18-49].

Another mechanical load that has to be endured by lithium-ion batteries during operation is a quasi-
static stress which occurs during operation because of the intercalation-induced swelling [50-67] or
thermal swelling [52,53,68,69] of the lithium-ion cells. In addition, externally applied bracing and the
corresponding stress are investigated with regard to the impact on performance or aging of the
constrained lithium-ion cells [54,61,70-78].

Vibrations can occur during operation for several reasons. These reasons are, for example, rough
street surfaces in the case of electric vehicles, electric bikes, scooters or other road-based
transportation devices or the vibration of a cordless power tool, e.g., a drill hammer. Other
applications as ships, railways, airplanes, helicopters or others also pose requirements regarding
vibration durability [79]. Shock loads can occur, for example, due to driving over curbsides or
potholes in case of electric mobility or in the application of hammering cordless tools. The available
but limited literature regarding vibration and shocks of lithium-ion cells is introduced in Section 3.2
in more detail.

This thesis aims to improve the understanding of vibrations and their impact on lithium-ion cells of
different geometries with respect to safety and lifetime.
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1.2 Framework

This thesis was developed mostly in the framework of the ReViSEDBatt cooperation project
(Duration from 15.09.2017 — 14.09.2020, funded by the German Federal Ministry for Economic
Affairs under grant number 03ETE004B for the sub-project of the Technical University of Munich
[80]. The term ReViSEDBatt is the acronym for “Resonances, Vibrations, Shocks, External
Mechanical Forces and Detection Methods for Lithium-lon-Batteries”. These terms show that the
ReViSEDBatt project is focused on the second branch of Fig. 1, dealing with the load conditions
occurring during operation. Fig. 2 depicts the structure of the project.

[ WP1: Analysis and definition of load profiles ]
WP2: Periodic load WP3: Dynamic load WP4: Static load
(Vibration) (Shocks) (Stress)
[ WP5: Detection and localization ]

Fig. 2: Structure of the ReViSEDBAatt project with the respective scientific work packages (WP)

The scope of the project is separated into five work packages (WP). The Institute of Electrical Energy
Storage Technology and hence, the author of this thesis, participated in WP1 (load profiles), WP2
(vibrations), and WP5 (detection and localization). The other two, WP3 and WP4, concentrate on the
other two loads, namely shocks in WP3 and stress due to bracing and swelling in WP4. The
investigations are done on different levels, namely for cells, contact units, sensors, and modules,
which incorporate the single components.

The purpose of ReViISEDBAatt is to improve the aging and safety characteristics with respect to the
described mechanical loads. This can be achieved through better cell and pack design, improved
production processes, better testing procedures and better operational strategies. Other options are
improved online diagnostics and detection methods to avoid or at least to detect or to predict critical
conditions prior to a severe failure.

1.3 Purpose

The investigation of the possible slow and hidden degradation or of the sudden spontaneous failure
of lithium-ion cells and its underlying failure mechanism caused by vibration is the focus of this
thesis. The state of the art in Chapter 3 shows that the available knowledge about the influence or
impact of vibrations was limited at the beginning of this thesis.

To understand if vibrations can cause any safety critical state of the lithium-ion cell or if aging of the
cells might be accelerated, methods of theoretical risk assessment, load profile testing, mechanical,
optical, and electrical characterization as well as finite element model (FEM) simulation are applied
on lithium-ion cells of different size and shape.
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The several different industries that participate in ReViSEDBatt, deal with a wide range of
applications, for example, cordless systems, trains, forklifts and vehicles with different installation
spaces, performance requirements and environmental conditions [81]. Therefore, all three popular
cell formats, namely cylindrical cells, pouch bag cells and prismatic cells, are included in this thesis.
For each respective investigation, the best choice out of these three formats was based on cell
availability, relevance, state of the scientific knowledge, risk assessment and applicability to the
investigation.

As a starting point, the scientific literature about the impact of vibrations on lithium-ion cells and
packs, a wide range of failure reports, including battery related recalls, governmental investigations
of incidents and other publicly available reports are revised for mechanically induced failure in
general and for vibration induced failure in particular. In general, literature from other mechanical
loads according to Fig. 1 is also considered in this thesis, because literature specifically dealing with
vibration of lithium-ion cells is not available in sufficient depth and detail. In addition to the real-
world incident analysis, a theoretical risk assessment with focus on mechanical loads is made with a
failure mode, mechanism, and effect analysis (FMMEA). The procedure is explained in [82,83]. The
FMMEA provides an overview of possible failure modes and mechanisms. The relevant research
objectives are derived from these theoretical investigations.

Experimental durability tests based on load profiles are applied, exemplarily for the cylindrical 18650
cell type, to bridge my own research with the available scientific literature. It is also done to
investigate the influence of vibrations on lithium-ion cells in an application-oriented approach as well
as to investigate the significance of the inner cell design to derive cell design rules for high vibration
durability.

At the same time, it must be recognized that testing all possible vibration profiles for all possible cells
requires an enormous testing effort and is, therefore, often limited to a pass-or-fail criterion. It is at
the same time limited in effectiveness in gaining knowledge about failure mechanism as well as in
learning about sensitivities and influencing parameters such as cell design, state of charge (SOC) or
the effect of nonlinear characteristics.

Therefore, one focus of this thesis is to understand the structural dynamics of lithium-ion cells.
Structural dynamics describe the response of a structure to an excitation or, rather “how” the lithium-
ion cell vibrates. Lithium-ion cells are very complex structures composed of many porous layers filled
with electrolyte in different shapes and with different boundary conditions due to different cell
housings or module designs. As the cell is charged or discharged, the mechanical behavior or
structural dynamics further changes. Therefore, mechanical characterization methods are applied to
understand the sensitivities to SOC, state of health (SOH), temperature, as well as nonlinear stiffness
and damping. This characterization is done for all cell types, but is included only for both pouch cells
and prismatic cells, since cylindrical 18650 cells are more difficult to investigate due to their small
and stiff geometry.

The obtained data are used to build FE models, exemplarily included for the pouch cell in this thesis.
Such FE models can be used for simulations after proper parameterization. They can provide better
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insights into the inner cell or into unmeasurable or difficult to measurable quantities, such as the cell’s
internal stresses, which can determine possible fatigue of materials or components inside the cell.

The main research purpose of this thesis is to identify failure mechanisms caused by vibrations and
to validate their occurrence, impact, and severity with respect to both safety and aging in a structural
approach. In addition, the sensitivities to the cell design and parameters as SOC, SOH or temperature
as well as different excitation types and levels with regard to nonlinear response are investigated in
terms of structural dynamics.

If failure mechanisms are properly understood, recommendations regarding cell or pack design, the
acceleration of tests and the detection or prediction of vibration-induced failures can be derived.
While this chapter is meant to provide a quick overview, the more detailed and explicit research
questions for this thesis are introduced in Section 3.5, based on the deduced state of the art.

1.4 OQutline

Fig. 3 illustrates the structure of this thesis. Each chapter has its own focus on theory, experiments,
or simulations. This reflects the chosen scientific approach to understand the vibration behavior of
lithium-ion cells from the very beginning rather than doing mostly application-related durability and
qualification testing.

Chapter 2 provides all the required fundamentals about the cells under investigation, the experiments
and the applied methods and procedures. At the beginning, the theory behind vibrations and durability
testing and all methods of characterization are introduced. This includes mechanical characterization
using experimental modal analysis (EMA), electrical characterization using capacity check-ups and
electrochemical impedance spectroscopy (EIS) and optical non-destructive characterization using
computed tomography (CT). In addition, the fundamentals and underlying principles for the FEM
approach, such as a short introduction of elasticity and fatigue, are given.

Chapter 3 provides a literature review to present the state of the scientific knowledge in the field of
vibrations for lithium-ion batteries at the beginning of this thesis. While this thesis is dedicated to
understanding the impact on the cell level, the literature review is not limited and includes pack and
system investigations. Besides durability testing, investigations regarding application-related load
profile determination, the applicability of testing standards of different organizations and the
determination of structural dynamics, both experimentally and FEM based, are introduced. At the end
of Chapter 3, the first conclusion of this thesis is given, summarizing insufficiently examined research
questions in the field of this thesis. The objectives for this thesis are derived on this basis.



Introduction

Chapter 9
Conclusions and outlook

1 i
! APPLIED METHODS : MAIN OUTPUT E
____________________ y T T T T T TT T T T
Chapter 8 | :: Orthotropic cell model =
Finite element model of a | Finite element modeling N Sensitivities to material 1 | -2
lithium-ion pouch cell based | Simulative modal analysis | parameters | ‘—;
on experimental modal : Sensitivity analysis | Harmonic acceleration and | | £
analysis data I ! stress response ! @
. DR
_____________________ |
:: Natural freq., damping and !
Experimental modal analysis mode shapes 1
Multi degree of freedom fits :: Sensitivities (SOC, SOH, T) |
Parameter variation | Nonlinear behavior |
i Importance of boundary cond. !
____________________ .
_____________________ yw T T T T TTTTT T T T
:: Evaluated test bench !
Experimental modal analysis ’ Natural freg., damping and
Multi degree of freedom fits | mode shapes |
Parameter variation :: Sensitivities (SOC, SOH, T) |
! Nonlinear behavior |
“““““““““““ yT T T T T T T T T T T T T
I |
Load profile testing :: Failure mechanisms 1
Optical characterization (CT) Critical cell design features :
Electrical characterization | Recommendations for cell |
Cell-to-cell comparison | choice |
| !
T T Tt T T T T T T v o T T T T T T T T I
I |
Chapter 4 : Failure mode mechanism . . |
. X . Possible failure modes and
Risk assessment of , effect and cause analysis . I
. o | . I mechanisms
mechanical loads on lithium- | Literature study . C
. . M Possible dependencies |
ion cells ! Incident analysis | |
. !
oo T T T T T T T (T =
| ] 1| .
I I
Chapter 3 | . . e
State of the art in lithium-ion |, Literature study | Identified resgarch gaps _and : §
oo ! | derived objectives | | =
battery vibration research | | ,
A T |
Chapter 2
Fundamentals, methods and experimental background

Fig. 3: Structure of this thesis

Chapter 4 is the first part of the overall risk assessment for vibration loading on lithium-ion cells.
Public incidents associated with lithium-ion batteries are examined for mechanical causes. Secondly,
based on the academic literature about the safety and reliability of lithium-ion batteries a failure mode,
mechanism, effect, and cause analysis (FMMECA) is performed to identify possible failure
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mechanisms, which are reconsidered in the following chapters as a guideline for the design of
experiments (DOE). At the end of Chapter 4, a short summary is given to introduce the following
investigations.

Chapter 5 is the bridge to the existing research in literature, which is mostly concentrated on
18650 cells and automotive random vibration. Therefore, the publication presented in Chapter 5
investigates random automotive vibration as well. In addition to the state of the art, this publication
includes an inner cell design study and comparison of 18650 cells and an investigation of the influence
of cyclic aging on vibration durability. Recommendations for the cell design regarding random
vibration durability are given at the close of Chapter 5 and the respective journal publication [84].

The Chapters 6 and 7 describe the use of EMA to identify the structural dynamics of lithium-ion cells
and are both presented as parts of a series of papers. Part | of the series is presented in Chapter 6 and
introduces the test bench, which was especially designed for this investigation and during this thesis.
In addition, the EMA method and the results of the investigations for a consumer pouch cell are
presented. The pouch cell is characterized by means of natural frequencies, damping ratios and the
respective mode shapes. These parameters are investigated with respect to their sensitivities from
SOC, SOH, aging history, temperature, and excitation level.

In Chapter 7, the second part of the series of papers investigating the structural dynamics of lithium-
ion cells is presented. In this paper, a large-format prismatic cell with a nominal capacity of 94 Ah
for BEV application is investigated using EMA. Again, the sensitivities to SOC, different aging
conditions, temperature and excitation level are presented. The findings are compared with the results
from the pouch cell in Chapter 6, revealing the importance of interfaces and boundary conditions. At
the end of this paper, the applicability of the EMA for lithium-ion cell research is evaluated, based on
my experiences and results.

Chapter 8 presents the possible use of data that can be obtained through EMA. The findings and
results from the characterization of a lithium-ion pouch cell in Chapter 6 are applied to the design of
a first FE model of the respective cell. The parameterization of the model reveals several sensitivities
and enables the parameterization of several elastic parameters of an orthotropic model. It is also
shown that for the full optimization of an orthotropic model and to obtain, for example, reliable stress
responses, the measured frequency response functions (FRF) must be used directly in combination
with the harmonic response toolbox in the FEM software for further model optimization. If this is
successful, it would be an important step in investigating if the high-cycle fatigue (HCF) of an inner
cell component, such as the separator or the electrodes, can be caused by vibration.

Chapter 9 closes with a short conclusion for each of the objectives of this thesis and gives some
recommendations where to put focus in future research in this field.



2 Fundamentals, methods, and experimental background

This chapter presents the background information required to understand the conducted experiments
and investigations. The focus is on the methods that have been used throughout this thesis and their
respective characteristics. This includes the theoretical methods for risk assessment in Section 2.1,
the durability testing and the required definitions (Section 2.2) as well as the several experimental
characterization methods in the mechanical (Section 2.3), electrical (Section 2.4) and optical
(Section 2.5) domain. The information about the cells under investigation (Section 2.6) and the test
bench (Section 2.7) which was developed for the majority of the presented investigations, gives the
experimental framework, while Section 2.8 concludes this chapter with the fundamentals for the
simulative part of this thesis.

2.1 Risk assessment method

Numerous methods exist for the theoretical evaluation and assessment of risk, reliability or
safety [8,85-87]. The development of these methods has been driven by the high requirements for
safety and reliability, e.g., of civil airborne systems [8], aerospace systems [88] or nuclear power
plants [87].

In this work, the method of failure mode and effect analysis (FMEA) [8,83,85,87] is chosen because
of its simplicity. FMEA uses a simple table to make a collection of the possible failure modes and
effects. FMEA usually contains further information, such as the failure cause [89].

The advantage of FMEA is its general simplicity due to the simple tabular depiction. A disadvantage
of the FMEA method is that logical failure sequences and complex interdependencies cannot be easily
described. FMEA tables also have limitations in properly displaying combined failure modes in case
of complex systems [90]. Especially for complex systems, many possibilities exist to describe the
system in FMEA. The definition and distinction of failure mode, mechanism, cause, and effect often
becomes confused depending on the level (e.g., cell, module, pack for batteries) and the depth of the
analysis. Therefore, the respective terms must always carefully defined for each analysis, which is
done in the following, based on [85].

Birolini describes failure mode as the symptom by which the failure is observed [85]. In the case of
a lithium-ion cell in this work, the possible failure modes are “open”, “short” and “wear out”.
Especially in case of an analysis on the module level including battery management system (BMS)
and connectors, more failure modes such as “intermittent contact” or “parameter shifts” [8] can be
included.
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The failure cause can be intrinsic due to weaknesses or extrinsic, e.g., due to misuse or
mishandling [85]. In this work, the most relevant failure cause is extrinsic in terms of mechanical
loads, especially vibrations.

The effect of a failure depends on the level of analysis, as the effect can be the cause for further
failures on another level [85]. The effect is of subordinated importance in this work, but could be, for
example, a heat build-up in a cell because of a short circuit (SC).

The highest importance in this thesis is given to the failure mechanism that describes the physical,
chemical or other process of the failure [85]. Understanding the failure mechanism for the vibration-
caused failure of lithium-ion cells can help improve or accelerate vibration testing, improve the cell
or pack design, identify methods for diagnostic and avoid critical loads in the application by suitable
countermeasures.

Therefore, throughout this thesis, the term FMMEA is used to highlight the importance of the failure
mechanism. The FMMEA is used to capture the assumptions and observations made in the literature
in a structured manner in Chapter 4.

2.2 Vibration and durability testing

Vibration durability testing is a common practice in the industry to evaluate the durability of a specific
component under vibration load. These tests are also part of many regulations and standards [91,92].

Durability tests are usually performed under laboratory conditions to ensure up front that the device
under test does not fail in later operation and consumer usage at different stages of product life. It is
important to achieve a sufficient representation of the real-world load in a reasonable testing
duration. [93]

Subsection 2.2.1 provides a brief introduction to the simplest mechanical model and the required
definitions for an understanding of the following fundamentals and methods. Secondly, a brief
introduction of different kinds of vibrations and how they can be characterized is given in Subsection
2.2.2. Subsection 2.2.3 briefly introduces specific profiles with respect to different applications, and
Subsection 2.2.4 offers an overview of the concept of combined loads, which have been designed
during this thesis.

2.2.1 Important definitions for mechanical systems

To understand the impact of vibrations on an item or a structure, it is helpful to establish a model
concept that can describe the structure as a mathematical system. The terms introduced here are
especially valuable for understanding the methods for the mechanical characterization in Section 2.3.

The simplest representation of a mechanical system is the so-called single degree of freedom (SDOF)
system. This system consists of one perfect mass (perfectly rigid and non-dissipative of energy), a
perfect stiffness element (massless and perfectly elastic) and a perfect damping element (massless
and perfectly rigid). This system is, furthermore, only allowed to move in one direction and is
constrained in all other directions. In an unconstrained condition, this system would have three
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degrees of freedom (DOF) to define its point in space. A real solid indeed has six DOF in general,
three translational and three rotational (the three rotational DOF do not apply just to a concentrated
and perfect mass). Real world structures are of course not perfect in terms of the definition above and
are much more complex than the SDOF model. These real structures exhibit continuously distributed
masses as well as stiffness and damping elements, which are coupled, instead of being separated. If a
system is deformable, it has an infinite number of DOF. [79]
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Fig. 4: Schematic depiction of an SDOF system with stiffness k, damping ¢, mass m and a relative
displacement z due to the external force F, adapted from [79]

Since this causes an infinite number of elements, it is often both interesting and required to simplify
the structure into a lumped parameter system, finding a good compromise between accuracy and
computational effort. This is called a multi degree of freedom (MDOF) model. Exploitation of these
models shows that the lumped parameter model vibrates in certain ways, which are called modes.
Each of these modes has its characteristic movement, called mode shape and occurs at its respective
natural frequency. If the system is excited, the response at any point on the structure is a combination
of the corresponding mode shapes of all excited frequencies. If the system or structure can be assumed
as linear, the principle of superposition can be used. [79]

For the sake of simplicity, further explanations are made for the simple SDOF system. The SDOF
system is also of interest because it is often used to evaluate or compare the severity of different
vibrations or shocks. The underlying assumption is that, if a vibration A causes a higher relative
displacement response for an SDOF system than a vibration B, that vibration A is more severe for a
complex structure with several DOF, too. [79]

This principle is the basis for methods such as the fatigue damage spectrum (FDS) [94] and the shock
response spectrum (SRS) [95], which both are based on the assumed response of an SDOF system
and the comparison of relative displacement responses named above.

An SDOF system which is excited by a force can be described according to Eqg. (1) and Fig. 4, adapted
from [79]. Here m is the mass, c is the damping constant and k describes stiffness. The value z is the
resulting relative displacement of the mass to the support due to the exciting force F with its
derivatives velocity z and acceleration Z.

mi+ci+kz=F Q)

10
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With some conversions and calculations, an equation for the natural frequency f.a: Or natural angular
frequency wnar in case of an undamped system and the damping ratio ¢ for a damped system can be
obtained according to the Eq. (2) and (3). [79,93]

k
Wnat = 2T fpar = \/% 2)
_c _ c _
( - Co - 2Mwnpat ~ 2vkm (3)

The term co is here the critical damping coefficient, which is the minimum of ¢, where the movement
is non-oscillatory [79].

The natural frequency faat is similar, but not identical to the resonance frequency f. for lightly damped
systems. In case of an undamped system ( = 0), faa is equal to f;, according to Eq. (4), adapted
from [93].

Wy =4/1— 2{%Wnqs 4)

Eq. (4) applies for the FRF, which is calculated from displacement response and force excitation,
while the angular resonance frequency wr in the case of an acceleration response can be calculated
according to Eqg. (5) [93]. Further information on the various definition of an FRF are given in
Subsection 2.3.1.

Wy = \/%Z{anat (®)
From Eqg. (4) and Eq. (5), it becomes apparent that for a small damping ratio, e.g., < 0.1 (10%), the
deviation of resonance frequency and natural frequency is below 1.01%.

For lightly damped systems, the half power bandwidth method can be applied for calculation of the
Q-factor. The Q-factor defines the sharpness of the resonant peak and is defined by Eq. (6) and (7).

w1 and w; are the frequency values with an amplification of 1/+/2 (-3 dB) of the peak value and are
named half-power points. [93]

— ®nat _ 1
Q=0 =% (6)

Aw = wy, — wy (7

Since only a brief overview without detailed derivations of all quantities can be given in this thesis,
the interested reader is referred to [79,93].

Natural frequencies and damping ratios are the major characteristics to be obtained through EMA and
shall be the key take-away of this subsection.

11
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2.2.2 Sine and random vibration profiles and required definitions

Devices, components, or structures must endure different kind of vibrations in different applications.
These vibrations can be classified as different kinds of vibrations, which are [79]:

- sinusoidal vibration (single sine or multi sine)
- swept sine vibration
- random vibration
- acombination of the preceding vibrations, e.g.
o sine on random
o swept sine on random

In real-world conditions, sine loads can occur, e.g., due to the rotational movement of helicopter rotor
blades or ship propellers. In addition, sine loads are popular for laboratory investigations due to the
deterministic nature of the signal and the simple mathematical treatment, easy cycle counting etc.
Furthermore, sine sweeps are common practice for the identification of resonance frequencies. During
a sine sweep, the frequency is varied in a linear or logarithmic manner. The sine excitation of the
respective resonance frequencies is also popular for stress-endurance tests because resonance
excitation can impose severe stress into a structure or device. [79]

Single sine, multi-sine or sine sweep vibration can be described in both time and frequency domain.
For the description in the frequency domain, the spectral representation is the common presentation
with each single sine appearing as a single peak with its respective amplitude at its frequency
value. [79]

Regarding real-world applications, random profiles reflect the real environment often better than do
sines or sine sweeps and are often used for durability testing. In addition, each resonance can be
excited simultaneously. [96]

Random vibrations, represented as wideband noise with Gaussian distribution, occur in automotive
applications and in other land-based means of transport as railways due to the irregularities of the
road surface or the rail tracks [79,96].

Random vibrations have a stochastic instead of a deterministic nature and are usually depicted using
power spectral density (PSD) plots. The application of spectra is not useful for random vibration,
because the amplitudes of the spectra would differ, depending of the frequency spacing Af. [96]

The PSD normalizes the respective value, e.g., any measured acceleration acc and its respective root
mean square (RMS) value accrms according to Eq. (8) and makes the representation independent of
the chosen frequency spacing. [96]

2
PSD(acc) = accAR_st (8)

The PSD representation of different random profiles can be compared with respect to frequency
content as well as load level in terms of power spectral density. The overall RMS level of the vibration
can be obtained through the area below the PSD curve. For the full description of a random profile,
other important parameters, such as the load duration are required. Random vibrations have further

12
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stochastic characteristics. The instantaneous probability distribution of the signal can differ for
identical PSD. [96]

In the simplest case, the probability distribution follows a Gaussian (hormal) distribution, but the
analysis of load profiles in the ReViSEDBAatt project showed that this is not always the case in real
world-applications and, more specifically, are not valid for cordless power tools.

These deviations from the normal distribution can be described by the parameters of skewness and
kurtosis. In the following, kurtosis x is discussed since it is assumed to have an impact on fatigue
damage. Kurtosis u describes the distribution of the peak values. A value of x = 3 indicates a normal
distribution. A value of x < 3 indicates a truncated signal or the existence of sinusoidal components,
while a kurtosis > 3 indicates the presence of more peaks of high value than in the normal case. [96]

Fig. 5 depicts an example with two different random vibrations profiles that exhibit the same PSD in
Fig. 5b and have the same overall RMS level of 1.2 grws, but different kurtosis values of 3 and 7. This
represents a normal distribution and a distribution with more pronounced peaks of higher amplitude.

Kurtosis 7 b)
Kurtosis 3
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Fig. 5: Exemplary comparison of two random profiles with identical RMS value and identical PSD,
but different kurtosis of x = 3 and x = 7; a) time domain representation of the signals, b) power
spectral density (PSD) representation, c) probability density function (PDF) of the acceleration

amplitudes with zoomed view in d). The PSD spectra were calculated using the vibration data
toolbox from [97].

The time domain representation in Fig. 5a shows more significant peaks for the signal with a kurtosis
of 7, which is also visible in the histogram of the probability density function (PDF) in Fig. 5c and
the zoom in Fig. 5d. Both show a higher probability of peaks with higher amplitudes for the signal
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with a kurtosis of 7. Therefore, kurtosis is an important value to consider in vibration durability testing
as the higher probability of higher amplitudes usually causes the profile to be more severe.

Another important and corresponding value is the crest factor cf, which describes the ratio between
the largest peak in the signals and the RMS value of the signal according to Eq. (9) for a generalized
signal x(t). Taking the two signals from Fig. 5 into account, the respective crest factors would be
cf,s = 4.85 and cf,; = 10.8 (calculated with the toolbox from [97]). Besides its impact on durability
testing, the crest factor is of high importance for mechanical characterization with respect to
nonlinearity (see Chapter 6 and 7). [96]

max (|x(t)])

cf = ©)

XRMS

Further, very detailed information about vibrations and shocks, their properties, related fatigue and
more can be obtained from the book series of Lalanne [79,94-96,98] and from De Silva et al. [93].

2.2.3 Application-specific vibration profiles

In the ReViSEDBAatt project the following applications are considered:

- Automotive

- Logistics, e.g., forklifts
- Railway transportation
- Cordless tools

Automotive vibrations are investigated in this thesis due to their importance in the scientific literature.
The vibrations in logistics probably do not differ extensively from the automotive application because
both are ground-based means of transportation.

No self-measured load profiles from the ReViSEDBatt project were available at the time of this thesis
for the first three applications. Therefore, the vibration profiles used in available scientific literature,
which are based on testing standards and regulations, were taken as the basis for the durability testing
in Chapter 5. This also offers the advantage of better comparability to the results of other researchers.

Load profiles for the battery packs of cordless tools were available at the time of this thesis for
different tools (e.g., rotary hammers, fastening tools, saws) and different states of operation.
Accelerometers were placed on the surface of the battery pack during load profile recording. The
clarification of transmissibility from pack to cell level was an on-going topic to the time of this thesis.
Hence, no cell tests with load profiles measured on cordless tools could be included in this thesis and
are part of future research. Nevertheless, a brief analysis of the power tool load profiles revealed
higher acceleration amplitudes and a wider frequency range as well as higher share of the signal power
at higher frequencies in the PSD representation in comparison to automotive application.

2.2.4 Combination of vibrations and other loads

Damage scenarios that are more complex include the combination of different loads and abuse
conditions. These might be drops prior to a certain amount of vibrations (e.g., during transport or
during handling of a power tool) or safety-critical events, e.g., an overcharge condition, after a
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damage of the current interrupt device (CID) with potentially reduced functionality of the CID [99]
to name only two examples.

In the course of this thesis, the combination of drops and vibrations was investigated in a pre-study
as part of the master thesis from Christian Schenk [100] based on the idea from and under supervision
of the author of this thesis. For these investigations, cylindrical cells of the type Molicel IHR18650A
and A123 18650M1A were pre-loaded with several drops through a 2 m long downpipe in axial
orientation. After leaving the downpipe, the cells dropped on a solid plate with the negative pole
downside. These drops were performed by Markus Spielbauer at the University of Applied Sciences
in Munich during a joint project to investigate combined loads on lithium-ion 18650 cells. An
overview of the results is given in Appendix A.1.

Further studies with a wider range of different 18650 cells and variations, such as the number of
drops, vibration amplitude, etc., are an on-going topic while this thesis is written.

2.3 Mechanical characterization methods

The method for the mechanical characterization in this thesis is called EMA. Detailed background
information on EMA is available in [93,101-103].

Through the course of EMA, a mechanical system can be described by its natural frequencies, modal
damping ratios and mode shape vectors. This information can be used to obtain an “experimental
model,” which can be applied for the purpose of system analysis, fault detection and diagnosis, design,
and control. Modal analysis enables the engineer to identify the extent and location of severe
vibration. The results of mechanical characterization through modal analysis, namely natural
frequencies and Q-factors (the reciprocal of the damping ratio) are further required to understand the
stresses, e.g., due to a shock, and the subsequent damage or fatigue. [93]

Besides the natural frequencies and Q-factors or damping ratios, modal analysis can reveal mode
shapes. Mode shapes are the characteristic displacements that occur in the case of the excitation of a
natural frequency. The knowledge of mode shapes might deliver valuable information, e.g., about
displacement of inner components and subsequent stress localizations.

Experimental and simulative modal analyses based on FEM are combined in this thesis. The direct
measurement of in-situ stress in a structure is generally difficult [104] and no method to measure it
for a lithium-ion cell could be identified. Therefore, the FEM approach can give further insights and
is introduced in Section 2.8 together with a general introduction of the required knowledge in terms
of elasticity, stress, and fatigue.

During EMA, several FRF are measured. FRF, which is initially and briefly introduced in Subsection
2.2.1is further explained in Subsection 2.3.1. Subsection 2.3.2 introduces the procedure of the EMA.

2.3.1 Frequency response functions

Various definitions of FRF exist depending on the various possible excitation and response signals.
While a very detailed derivation of all possible variations is given in [79], the main representations
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are summarized here. Table 1 provides an overview of some of the most common frequency-response
functions according to [93]. The normalized frequency r is defined according to Eq. (10) with the
natural angular frequency wnat. The value rp in Table 1 is, according to this definition, the normalized
peak or resonance frequency.

w
= 1
r Wnat ( O)
Table 1: FRFs for different combinations of response and excitation in the case of a simple
oscillator or SDOF system. *In case of transmissibility, the FRF is the same for both force
(force/force) and motion transmissibility (e.g., acceleration/acceleration). Information in this table
is reproduced from [93].

R Normalized peak Normalized peak
M Normalized FRF P . P
Excitation frequency rp magnitude
Displacement 1 1
- _— —_ 2 ——
Force (1—12) + 2j¢r vi-2¢ e
Velocity jr 1 l
Force (1=712)+2j¢r 2¢
Acceleration —r? 1 1
Force (1—12) + 2j¢r 1-2¢2 201 -2
1+2j¢ Ji+8 14—
- ir 1+8(2—1 VYl
Transmissibility* a=ro+20r - ¢
(For small {)

FRF with acceleration response and force excitation (also called accelerance [105]) is the common
method for experimental modal analysis because there are no velocity or displacement transducers
available [105]. Nevertheless, these variations can be easily calculated through integration of the
acceleration response. With the known mathematical FRF representations in mind, Subsection 2.3.2
gives the procedure for the experimental determination of the FRF by EMA. It must be added that the
equations from Table 1 describe the mathematical model, also called modal model in [102]. They can
be linked with the actual measurements, called the response model in [102], through a fitting
procedure, which is also introduced in Subsection 2.3.2.

2.3.2 Experimental modal analysis

EMA [93,101,103] is a powerful tool to describe structural dynamics, including resonance
frequencies, structural damping and the mode shapes of the structure under test. For the explanation
of these terms, please refer to Subsection 2.2.1. Fig. 6 gives a schematic depiction of the procedure.
A set of responses is obtained through EMA in the first step. A modal model can be constructed
through a fitting procedure. These two steps define the main body of two included peer-review journal
publications in the Chapters 6 and 7 for pouch and prismatic cells, respectively. The third step, to
develop a spatial model based on results from the EMA, is the scope of Chapter 8 in this thesis,
exemplarily shown for pouch cells.
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Fig. 6: Schematic depiction of the procedure to obtain a modal model and an FE-based spatial
model of a structure based on the EMA, adapted from [102]

Fig. 7 shows the procedure to obtain a FRF during modal analysis, based on the explanations in [102]
and own measurements. A structure (in this case a simple aluminum block) is excited by a signal a(t)
and a response b(t) is measured. The signals a(t) and b(t) can be of a different kind, as introduced in
the preceding Subsection 2.3.1. In this work, a(t) is the force excitation and b(t) is the acceleration
response. The excitation is performed with burst random (random excitation with time period of zero
excitation at the end) due to advantageous linearization and leakage minimization as it is explained
in Chapter 6 and in [106]. The signals in time domain a(t) and b(t) are transformed into the frequency
domain A(f) and B(f) with the frequency f in the second step (second column in Fig. 7).

10° 10°
<D Y S5
1 qu o R
10°
107 10710
0 5000 0 5000 0 5000
f/Hz f/Hz f/Hz
10°
q
S IO_SM
10-10
0 5000
f/Hz
10° 10° 1
o A
T S 10?2 o " 0.5 | l
107
-50 10‘4 0
0 5000 0 5000 0 5000
f/Hz f/Hz f/Hz

Fig. 7: Procedure for FRF estimation based on time domain burst random measurements,
reproduced from [102]

In the case of random excitation, the measurement must be repeated for several times to increase the
signal-to-noise-ratio (SNR) through averaging. Complex quantities cannot be averaged directly since
varying phases can cause the signal to be averaged to zero. Therefore, the autocorrelation Gaa and
Gee and cross-correlation Gag or Gga are calculated as depicted in the third column of Fig. 7. Based
on auto-correlation and cross-correlation, both FRF and coherence y*(f) can be calculated as depicted
in the fourth column of Fig. 7. [102]
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For the FRF calculation, various estimators are available in literature. The two most usual estimators
H1 and H2 are given in the Eq. (11) and (12). The right estimator must be chosen depending on if
noise at the input or at the output is more dominant. The estimator H1 is recommended in the case of
noise at the output, while the estimator H2 is recommended in the case of noise at the input. [102]

_ Gag(f)

H1(f) = ealh (11)
_ Gge(f)

H2(f) = %alh (12)

Bilosova recommends the use of the H2 estimator in case of shaker excitation, since the excitation
signal becomes noisy in the vicinity of resonances, especially for lightly damped structures, because
the structure behaves like a short circuit at a resonance [102].

In this thesis, a comparison of H1 and H2 showing no differences or advantageous results for H2.
Therefore, H1 is used throughout this thesis. This deviation from theoretically expected behavior can
be due to the complex structure of the cell with high damping ratio or the usage of an accelerometer
with low sensitivity due to weight constraints. This can reduce the SNR of the response signal, which
supports the choice of the H1 estimator.

Coherence y*(f) is a useful quantity to evaluate the quality of the results [102,107]. Nevertheless,
coherence has its limitations and must be used carefully, especially if nonlinear structures and sine
excitations are combined [106]. The respective limitations of the coherence value are discussed in
Chapter 6 with regard to the complex pouch cell characterization. Coherence is calculated by Eqg. (13)
[102].

2o 1Ga(DP
V) = Gritnnsn) (13)

Values close to 1 indicate measurements of high quality, while lower values indicate different kind
of possible measurement errors, e.g., noise at input or output or system nonlinearities. [102]

The procedure explained in Fig. 7 is used to obtain the response model from Fig. 6. If the structure is
excited at several positions k and the response is measured at several positions j, a set of FRFs Hjx(w)
is obtained. With a sufficient and correctly chosen set of locations, the characteristic mode shapes for
each natural frequency can be revealed. [103]

The preceding sections introduced an SDOF system because it is the easiest representation.
Nevertheless, usual real-world systems must be described as an MDOF system.

EMA is a linear method and, therefore, the principle of superposition applies, the MDOF system can
be represented as the sum of a linear combination of several FRFs of SDOF systems. The measurable
FRF H;; with positions i and j and the different modes n, assuming a total number of modes N, is given
by Eqg. (14) in the modal space. [107]
S xPT
Hij(w) = X3 Hj(w) = Z3_1 5% (14)

2 2
A —w
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n is the complex eigenvalue or modal frequency of the n™ mode. ®" is the normalized mode shape
vector of the "™ mode (equal to the n™ column in the modal matrix [®]). The value « is the angular
frequency. The FRF of a system can also be represented by its poles and residues [102,107].

With Eq. (14) or any other representation of a modal model, a fitting algorithm can be used to adjust
the modal parameters to the experimental results from the response model. Several algorithms for
both SDOF and MDOF systems and different characteristics (e.g., light or strong damping) are
available in the m+p Analyzer software [108]. Further information on the used fitting algorithm is
always given at the respective location for each investigation in Chapter 6 and Chapter 7 and the
respective publications [109,110].

2.4 Electrical characterization methods

The electrical characterization is used for evaluation of possible damage of the lithium-ion cells
caused by the applied vibrations or load conditions. The EIS and the capacity checkup are used to
examine the two most important and common performance parameters impedance and capacity and
are introduced in the Subsections 2.4.1 and 2.4.2.

2.4.1 Electrochemical impedance spectroscopy

EIS is a popular method for characterizing lithium-ion cells. During EIS, the cell is excited with a
sinusoidal current or voltage of small amplitude around its equilibrium and the respective response is
measured. By varying the excitation frequency, the frequency-dependent complex impedance Z(w)
can be calculated according to Eq. (15) with the complex voltage U(w) and current I(w). [111,112]

_ U(w) __ Uampt jA@
Z((U) B I(w) B Lampi € (15)

Uampi @nd lampi are the respective amplitudes of both voltage and current. Ag is the phase difference
between the two signals. Because EIS is a method for linear, time-invariant, and causal systems, care
must be taken to use a small excitation to avoid nonlinear responses. In addition, measurement
duration must kept small enough to avoid time-variance, e.g., due to aging, during measurement.
Measurements at very low frequencies can also change the SOC of the cell during one half-sinusoidal
excitation and, therefore, violate the condition of time-invariance. Therefore, the minimum
measurable frequency value for the EIS of a lithium-ion cell is limited. [113,114]

In this thesis, galvanostatic EIS (current excitation) is used with current amplitudes in a range from
50-150 mA, depending on the impedance of the respective cell to ensure linearity and to achieve a
sufficient SNR. The advantage of galvanostatic EIS is that the current is well defined and, therefore,

the maximum amount of charge and the respective ASOC can be calculated.

EIS is often used directly or in combination with methods such as the distribution of relaxation times
(DRT) to investigate different loss processes inside the lithium-ion cell, to attribute them to the
respective electrodes [114-116] and to investigate aging [117,118].

In this thesis, EIS is used to extract characteristic values that can be easily compared before and after
vibration testing. These values are ohmic resistance R; and charge transfer resistance Rcr and can be
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found in Fig. 8. The value R; is defined as the intersection of the impedance curve with the real axis,
while the Rer is given by the diameter of the half circle. This half circle includes possible influences
due to passive layers [119], which cannot always be resolved in the spectra because of similar time
constants and are, therefore, included in Rcr for the sake of simplicity. Interpolation between two
nearest neighbors is used to estimate R; and Rcr as precisely as possible.
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Fig. 8: Exemplary EIS in a Nyquist plot representation with the two characteristic values ohmic
resistance R; and charge transfer resistance Rcr, based on the definitions in [119]

While EIS delivers valuable information, there are some shortcomings. One shortcoming is that
processes with similar time constants overlap in the spectrum and are hard to resolve, e.g., if anode
and cathode shares must be distinguished [115]. The second shortcoming, which is especially
important in this thesis, is that due to the large surface area of lithium-ion electrodes, small
disturbances, and damage such as a local short circuit, a decontamination, or local cracks and
delamination are difficult to detect. These local disturbances are only small factors in a virtual parallel
circuit and often have a negligible influence on the measurable EIS. This phenomenon was also
observed in another publication, which is not included in this thesis. Local loading of 18650 cells
with a nail caused no changes in EIS before the first occurrence of an internal short circuit (ISC),
while a large area compression caused an increase in ohmic resistance [120].

Therefore, the capability of EIS as a method for damage or failure detection is limited. Nevertheless,
there are not many alternatives readily available. For this reason, EIS is a very common method for
failure detection and condition monitoring [121,122] and is also applied in this thesis for failure
detection and cell monitoring.

Several different EIS variations have been developed and are used. These are full-scale EIS to
characterize a cell with high accuracy (see Fig. 8), and also a Single-Point EIS (SPEIS) and Quick
EIS (QEIS, with 10 frequency values and no averaging). SPEIS and QEIS are the tools of choice for
online monitoring during vibration testing at the test bench due to the very fast acquisition time.
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2.4.2 Capacity and voltage discharge curve

In addition to EIS, the capacity of the lithium-ion cell is measured. Since this measurement usually
takes several hours, depending on the chosen C-rate, this method is not suitable for online monitoring
purposes. Therefore, it can be used only during pre- and post-vibration check-ups.

To estimate capacity, the constant current constant voltage (CCCV) charge and discharge procedure
is used. Respective charge and discharge rates as well as termination criteria are given in detail in the
respective section for each investigation in this thesis.

In addition to the comparison of estimated constant current (CC) discharge capacities Ccc or CCCV
discharge capacities Cccev through charge integration, the voltage curves can be directly compared
in pre- and post-vibration testing.

2.5 Optical characterization by computed tomography

Visual X-ray computed tomography has become a valuable tool in lithium-ion battery
research [120,123-127]. The optical resolution provides detailed information about local
deformations, displacements, local short circuits, delamination, wrinkles, buckles, cracks, or ruptures
and is, thus, a very useful addition to the application of EIS with its aforementioned shortcomings in
Subsection 2.4.1. Fig. 9 depicts an example of the detection of jelly roll failures or damage inside the
cell, in this case caused by cyclic aging.

Fig. 9: CT depictions of cycled a) Molicel IHR18650A and b) Samsung INR18650-25R showing
jelly roll deformations (blue ellipses) caused by cyclic aging.

In this work, a Phoenix nanotom s research|edition by GE (General Electric, USA), located at the
University of Applied Sciences Munich, was used to investigate the vibrated cells for any
displacements, cracks, ruptures, or other damage inside the cell that might be undetectable in the
electrical signals. Optical characterization with this device is geometrically limited to cylindrical
18650 cells.

In addition, a wide range of new and undamaged 18650 cells was investigated for comparison of the
inner cell designs (e.g., regarding mandrel, jelly roll fitting, spacer design, or tab welding) and to
identify potential candidate cells for specific investigations. Mechanical design is assumed to be one
of the most important factors for vibration durability of lithium-ion cells.
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An example of such a pre-selection of cells with different inner cell designs which was used in
Chapter 5 and the respective publication, is given in Fig. 10, incorporating different mandrels, layer
thicknesses, jelly roll fittings, and spacer designs.

Fig. 10: Exemplary selection of four different 18650 cells (Column 1: Molicel IHR18650A, 2:
Samsung INR18650-25R, 3: Samsung INR18650-35E and 4: Sony US18650 VTC5) with their
different designs e.g., regarding the inner mandrel (row a and b) and the spacers below the positive
tab (row c)

2.6 Lithium-ion cells under examination

Lithium-ion cells exist mainly in three different variations:

- Cylindrical hard-case cells (mostly of the type 18650 and of recently developed types, such
as 21700)

- Pouch-bag cells

- Prismatic hard-case cells

All three cell formats were tested in this work, because each cell format has its importance for a
specific application. In addition, some cell types are more suitable for specific experiments including
characterization or durability testing.

In the case of cylindrical cells, 18650 cells were chosen because they offer a wide range of
manufacturers and products with different characteristics and inner designs. Eighteen different
commercially available 18650 cells are introduced and investigated in Chapter 5 and the respective
publication [84]. A CT-device can be used to evaluate vibration durability with respect to the inner
cell design.
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Pouch-bag cells were used for the development of the test bench for EMA and are a good choice for
the investigation of electrode stack fatigue due to their soft casing and few outer constraints. In this
thesis, the Kokam SLPB356495 with 2.1 Ah was chosen. An advantage of this cell is that cells with
identical geometry (length and width), but more z-folded layers are also produced
(Kokam SLPB546495 with 3.3 Ah and Kokam SLPB776495 with 5.4 Ah). This offers flexibility if
some variation is required, for example, to validate material parameters obtained in a FEM simulation
by variation of the cell thickness.

For the prismatic hard-case cells, a 94 Ah large format cell is used. Prismatic cells are especially
interesting in this work, because they are assumed to be less rigidly constrained, compared, e.g., to,
cylindrical cells, with their tight packaging [128,129]. Therefore, prismatic cells are a good candidate
to investigate possible failure behavior in case of periodic movement of inner components, e.g., of
the electrode windings and the resulting stress on the respective welding spots, where the electrodes
are joined with the outer tabs of the cell.

Fig. 11: Cell types under investigation in this thesis: The large format prismatic cell with a
connector unit on top (black cell), investigated in Chapter 7, the consumer pouch cell Kokam
SLPB356495, investigated in Chapter 6, and exemplary 18650 cylindrical cells, investigated in
Chapter 5
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2.7 Test bench developed for experimental investigations

A test bench was developed to perform the required investigations. Fig. 12 depicts the test bench.
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~, vibPilot Controller IR sensor
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Fig. 12: Test bench for the investigation of vibration durability and the mechanical characterization
of lithium-ion cells

The main components of the test bench are a custom-made safety and temperature chamber made
from stainless steel with gas drainage, a TIRA S 51140 shaker (TIRA GmbH, Germany), a BAA 100
amplifier (TIRA GmbH, Germany) for shaker drive and an eight-channel m+p vibPilot vibration
controller and dynamic signal analyzer (m+p international, Germany) with integrated electronics
piezo electric (IEPE) sensor conditioning.

Acceleration and force measurements are performed using only IEPE (called ICP® in the case of PCB
Piezotronics Inc., USA) accelerometers and force transducers with voltage output due to their simple
and stable operation in comparison to sensors which work in charge mode. The exact sensor
descriptions are always given at the respective place for each investigation in this thesis.

To ensure safe operation and testing and to enable the test bench for online diagnostic of the lithium-
ion cells under test, several monitoring capabilities were included. Therefore, a webcam (non-visible
in Fig. 12) allows the direct observation of the cell under test. Temperature can be tracked both
contactlessly using the optris CS LT infrared sensor (optris GmbH, Germany) or using up to 13
thermocouples of the type K. The generation or accumulation of harmful gases inside the test chamber
due to cell opening, thermal cell reaction or others, can be monitored with two gas sensors:
Fuehlersysteme eNet CO-A/A and the Adafruit MiCS5524 CO, Alcohol and VOC Gas Sensor B.
Furthermore, 12 channels for voltage monitoring are available. Thermocouple-based temperature
monitoring, voltage monitoring and gas monitoring are managed with a PXI system (National
Instruments, USA) and self-programmed monitoring software using LabView (National Instruments,
USA). This software allows graph-based and numerical observation of the values, logging, and the
activation of safety limits with an automatic shutdown of the shaker in case of values out of bounds.

While the aforementioned monitoring capabilities are mostly established for safety reasons, a Bio-
Logic VSP-300 (Bio-Logic Science Instruments, France) with impedance measurement capability
and 10 A booster is included in the test bench for SOC adjustment, voltage monitoring, capacity
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checks and both offline- and online-EIS measurements (QEIS or SPEIS) according to the described
procedures in Subsection 2.4.1.

The test bench can be used for both mechanical characterization using EMA (theory in Subsection
2.3.2, application in Chapter 6 and 7) and transmissibility, as well as for load profile testing (theory
in Section 2.2, application in Chapter 5). Therefore, the shaker armature is extended into the safety
chamber with an aluminum extension and a rubber membrane to seal the chamber. This extension can
be equipped with various devices for the different investigations. In addition, an adjustable suspension
(adjustable in 3 dimensions) was designed to support cells under test and to achieve the free-free
condition. For characterizations with EMA in this work, a thin stinger of 1.5 mm diameter made from
stainless steel was found to be valid. This stinger is, therefore, used for the presented investigations.
The stinger is connected with the shaker by clamping and hosts the force transducer on its top. If
correctly designed, the stinger offers high rigidity in the vertical dimension for the transmission of
the shaker force, while it is flexible in all other dimensions to allow free movement of the structure
under test in each of its respective mode shapes [130]. Together with a sufficiently soft and linear
suspension, the cells under test in this work can be approximately decoupled from shaker-stinger-
structure interaction and gravimetric forces. Regarding suspension, only metallic springs with spring
constants, which ensure safe operation in the linear elastic range, worked well for the characterization
of lithium-ion cells. Rubber bands, which are proposed in literature [103], do not provide sufficient
long-term stability, reproducibility and linearity. Fig. 13 gives another view on the setup with both
springs and stinger clearly visible.

Fig. 13: Zoomed view on a lithium-ion pouch cell (marked with a 3) under test, depicting the
support with metallic springs (2) and the stinger (1) to achieve the free-free condition

Two software packages are available for shaker control and post-processing of the measurement data:
the m+p Analyzer (m+p international GmbH, Germany) and the VibControl package (m+p
international GmbH, Germany). The first is used for characterization measurements; the latter is used
for both load profile testing and characterization (in case of sine sweep testing).
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2.8 Mechanical simulation

The main aim of this thesis is to reveal possible failure mechanisms and their sensitivities to, e.qg., cell
type and design, the internal parameters as SOC or SOH and external parameters such as temperature
as well as to the properties of the vibration profile. Subsection 2.8.1 introduces the concept of fatigue
as a possible failure mechanism. Since stress in the material is one of the driving factors for fatigue
and cannot be measured directly, FEM simulations are applied in this thesis. Subsection 2.8.2 gives
an overview of the model characteristics and the required parameter settings.

2.8.1 Elastic parameters, stress-strain relationship, and fatigue

In the elastic phase of the material of a structure, it is assumed that the strain at a specific point of the
structure is proportional to the elastic force acting at this point. This law is called Hooke’s law and is
valid only for very small strains. The relationship according to Hooke’s law is defined according to
Eq. (16) for the normal stress ¢ and Eq. (17) for the shear stress z. [94]

o=FE¢, (16)
T=F Et (17)

E is the elastic modulus or Young’s modulus. &, is the tensile strain parallel to the axis of the part and
&t is the relative strain in the plane of the cross-section. Tensile strain &, is defined according to Eq.
(18) with the original length | and Al being its extension. [94]

" (18)

o=t (19)

If the force on a tensile specimen is progressively increased and the elongation of the specimen is
measured, the engineering stress-strain curve, depicted in Fig. 14 is obtained.
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Fig. 14: Engineering stress-strain curve for a ductile material, reproduced from [94]

In the linear region (0-A), up to the proportional limit op, elongation is perfectly elastic without any
residual strain after unloading. The slope of the linear stress-strain curve in this region equals the
elastic modulus. This region is smaller than the proportions in Fig. 14 imply. From B to C, the
specimen has significant stretching without a noticeable increase in force. Yield stress oy marks the
transition to this area. From C to D, strain hardening occurs with a much slower elongation than in
the elastic region. Ultimate tensile strength oy is the ratio of the maximum force Fmax for the sample
and the initial area Ao according to Eq. (20). [94]

0 = e (20)

The engineering stress-strain diagram can be directly calculated from the load-displacement curve
and the initial area Ao, while the true and instant cross-sectional area must be measured for the true
stress-true strain diagram. Therefore, true stress is always higher than engineering stress, since the
effective area decreases with increased tensile force. [94]

The stress-strain diagram introduced from Fig. 14 is of course an idealized depiction and does not
represent each material, because, for example, brittle and ductile materials show different curves.
While the explanation above is for tensile forces, the same procedure applies for compressive forces.
Compressive and tensile behaviors are not necessarily identical. In addition, these curves are
measured with very slow variation of force. The materials have a different behavior when loaded
dynamically. [94]

Besides Young’s modulus and shear modulus, Poisson’s ratio v is another required parameter for
FEM based modal analysis and subsequent investigation of vibration. While loaded with a tensile
stress, the specimen undergoes two types of strain. At first, an extension e, along its longitudinal axis,
which is equal to the normal strain &, from Eq. (18) and a transversal reduction &.
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The relationship of these two types of strain is defined with Poisson’s ratio v according to Eg.
(21). [94]

&y = —Vé (21)

For polycrystalline solids, v is approximately 0.33 [131]. In general, failure due to mechanical loads,
e.g., due to a shock, can occur due to two mechanisms. On the first hand, the stress exceeds the
threshold of the material or component causing instant failure, e.g., in case of a stress higher than
ultimate stress ou. On the second hand, a failure can occur due to a repetition of the load, which causes
the damage to accumulate. This second mechanism is called fatigue. [94,95]

The effect of fatigue is especially interesting for this thesis, as it is a classical means of vibration-
caused damage. Vibration causes stress conditions, which repeat themselves many times. At the same
time, it is more complex, because fatigue strongly depends on localized stress concentrations. [94]

Fatigue can be investigated in terms of a so-called SN-curve. S represents the stress and N the number
of cycles to failure. Other terms are the Woehler’s curve or endurance curve. Fig. 15 depicts an
exemplary SN-curve.
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Fig. 15: Exemplary SN-curve with low cycle fatigue (LCF) domain, limited endurance domain or
high-cycle fatigue (HCF) and unlimited endurance domain, reproduced from [94]

This curve consists of three regions. Region | represents the low cycle fatigue (LCF) domain with
stresses higher than the yield stress, causing plastic deformation. This zone is irrelevant for this thesis
and the investigated vibrations. In the zone of limited endurance (region Il), fatigue occurs without
measurable plastic deformation. Beyond point C in region |11, the SN-curve tends towards the fatigue
limit op. Stress levels below op never cause fatigue. Point D, therefore, represents infinite life. Again,
this curve is an idealized representation and depends on the material, in example, not every material
has a limit for infinite life. Due to variations, the SN-curve is usually measured with several specimen
for each stress level to obtain a statistical representation. [94]

Fatigue further depends on a wide range of parameters, e.g., the type of dynamic stress (e.g., periodic,
random, or transitory), frequency, cycle coefficient, or stress ratio R in Eq. (22) or the A-factor
according to Eq. (23). The A-factor gives the ratio of the alternating stress amplitude o. to mean stress
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omean. omin aNd omax are the smallest and largest algebraic values for the cyclic stress. With these
parameters, the influence of mean stress as well as superimposed cyclic stress can be considered. [94]

Omin
R = )
_ _0a _ O9max—%9mean
A= Omean B Omean (23)

Of course, the overview given in this thesis is far from exhaustive, but is sufficient to understand the
approach for the investigation of the possible fatigue behavior of lithium-ion cells. The interested
reader can find a very detailed introduction to the topic of fatigue in [94], which also served as the
main source for this subsection.

2.8.2 Finite element simulation

Fatigue is a classical failure mechanism under repetitive loading, which vibrations happen to be, and
is often related to stress or to localized stress concentrations [94]. Since stress inside a lithium-ion
cell under vibration is an unmeasurable quantity, FE models are the method of choice in this thesis.

The models were designed and investigated in ANSYS, a FEM software, in various versions (17.2-
19.2). Toolboxes for modal analysis, harmonic response, and direct optimization from ANSYS are
used.

The materials used in the simulation are all treated as linearly elastic for the sake of simplicity. The
required parameters in ANSYS are density g, elastic modulus E and Poisson’s ratio v in the case of
isotropic materials. Shear modulus G is automatically calculated from E and v in the case of isotropy.
Besides isotropic materials, orthotropic materials, which have different properties according to their
orthotropic axes, are used in this thesis. Instead of the three elastic parameters E, G and v, nine
parameters Ey, Ey, E;, Gyy, Gxz, Gyz and vyy, v and vy, are required in case of orthotropic materials with
respect to the three orthogonal axes X, y, and z and the three planes xy, yz and xz.

As a starting point, a parameter study based on available literature was done to find suitable
parameters for the first model. A sample of relevant values for material parameters of lithium-ion
cells is given at the beginning of Chapter 8. These material parameters must be optimized both
manually and automatically to fit the results for the modal analysis in ANSYS with the results of the
MDOF fit after EMA in this work (results from Chapter 6 and Chapter 7).

During this optimization, material parameters are changed in such a manner that the natural
frequencies from measurement and simulation fit to each other for each respective mode shape. Of
course, this must be done with respect to the obtained mode shapes so that similar natural frequencies
of equal modes are compared. In a second step, the harmonic response of the model and the simulative
FRF is calculated, which can be compared with the FRF measurement.

Damping is defined in ANSYS according to the definition of Rayleigh damping. In the case of
Rayleigh damping, the damping is assumed to be proportional. The modal damping ratio ¢, for
mode n, which is introduced in Subsection 2.2.1, is then represented by Eq. (24), adapted from [93],
with natural angular frequencies wnat,n for mode n and the Rayleigh terms cn (also often called o) and
ck (also often called p).
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'm 1
Cn = l( . + Ckwnat,n) = _< . + ﬁwnat,n) (24)

2 \Wnatn 2 \Wnatn

In this mathematical expression cn Or o is proportional to the mass matrix of the spatial model of the

structure and cx or g is proportional to the stiffness matrix, given the following expression for the

damping matrix C of an MDOF system in the spatial representation according to Eg. (25). [93]
C=cyM+ K (25)

M is the mass matrix and K is the stiffness matrix, as in the system description in Eg. (1) in Subsection
2.2.1. The matrix-based spatial resolution applies to a system with multiple DOF instead of only
SDOF as it is the case in Eq. (1).
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3 State-of-the-art in lithium-ion battery vibration research

This chapter gives an introduction of the state of the art in related research. The investigations in this
thesis are based upon it. Section 3.1 introduces several publications dealing with the comparison of
different industry vibration testing standards from, e.g., governmental organizations with each other
or with self-measured load profiles. Section 3.2 provides an overview of all available experimental
studies investigating the impact of vibrations by load experiments. Section 3.3 introduces some
publications which used EMA or simulative modal analysis to investigate lithium-ion cells or packs.
Section 3.4 summarizes the results, especially regarding the limitations of current scientific
knowledge. These results are used to derive the final research questions in Section 3.5, which
motivate the chosen approaches.

3.1 Investigations of vibration testing standards and regulations for
lithium-ion cells

Vibration testing is part of many standards and regulations. Standards are voluntary documents
drafted by non-governmental organizations. A few examples of these organizations are the
International Electrotechnical Commission (IEC), the International Organization for Standardization
(ISO) and the Society of Automotive Engineers (SAE) on the international level as well as national
organizations such as the Deutsche Institut flir Normung e.V. (DIN), or the British Standards
Institution (BSI). [92]

In contrast, regulations have the force of law and are, for example, issued by the United Nations
Economic Commission for Europe (UNECE) or the National Highway Traffic Safety Administration
(NHTSA) [92]. Detailed lists of different organizations and their standards and regulations are
available in [91,92,132] for the interested reader.

While each testing standard or regulation usually contains a lot of different safety tests [92,132], this
short overview is limited to the topic of vibration. Hooper identified 23 vibration testing procedures
for electric vehicle (EV) application in his dissertation, many of which reference each other [133].
Hence, he identified 9 different vibration load profiles in total [133].

Several researchers compared or investigated the different vibration tests with respect to their
differences and shortcomings [92] and their fatigue damage potential by application of FDS [134]
and evaluated their usefulness with respect to safety during transportation [135]. In addition, they
compared the standards for automotive application in an electric vehicle with self-measured vibration
load profiles on EVs and vehicles with internal combustion engines (ICE) [136,137] or recommended
a self-devised random profile for testing EV-batteries [138]. The next paragraphs discuss these
publications.
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A comparison of safety testing standards revealed significant differences in among the required tests
in, for example, test duration, SOC during testing, amplitude or ambient temperature to name only a
few [92,137]. For example, according to IEC 62660-2 cells have to be tested at 100% SOC for BEV
and 80% SOC for HEV, while FreedomCAR manuals and recommendations according to SAE J2380
recommend testing at 100%, 60% and 20% SOC [137]. Only one of the testing standards, 1ISO 12405,
requires vibration testing at different ambient temperature conditions [92]. Ruiz et al., therefore,
guestion whether the testing conditions have been sufficiently developed and validated if there is such
a wide variance [92].

Among the comparisons, there are also differences, e.g., the SAE J2380 is categorized as a test
procedure on the cell-, module- and pack level in [92], while it is listed only for the module and pack
level in [137]. Referring to the norm itself, the SAE J2380 is meant only for testing modules and
packs [139]. At the same time, this profile with a maximum frequency of 190 Hz is the most tested
vibration profile on cell level in the scientific literature as is shown in Section 3.2. Small devices like
cells usually have their critical frequencies in a higher frequency range above the 190 Hz [137].
Therefore, standards such as IEC62660-2, which are usually designed for the testing of electronic
devices, contain frequencies up to 2000 Hz [92,137,138]. Testing cells under these load conditions
could cause other damage compared to the published results (see Section 3.2 for the respective
literature overview).

Hooper et al. performed their own vibration measurements on both EV and ICE vehicles. They
measured significant vibration outside the frequency range of SAE J2380 (random) standard, with
frequencies up to 800 Hz for some vehicles [136]. In addition, their emulated and compressed profile
to achieve identical testing time and identical frequency range as in SAE J2380 (random) resulted in
a lower PSD level compared to the SAE J2380 (random) [136]. There were also significant
differences among the measurements at different vehicles [136].

Without going into detail, these examples are sufficient to show that there are significant differences
regarding the requirements and recommendations between the standards and regulations[92,134,137],
in between measurements selected by different researchers and for different vehicles [136-138] and
of course between standards and measurements [136—138]. Therefore, relying on only one standard
or regulation might give a false sense of safety or it may be that all tests are too harsh.

3.2 Impact of vibrations on the durability of lithium-ion cells and packs

In the literature, vibration testing and simulation for lithium-ion cells and packs were performed
mostly for qualification testing or the development of qualification testing procedures for aviation
[140], space applications [141-144], telecommunications [145], electric buses [146], electric vehicles
[147-149], or heavy duty vehicles [150] or for safety in general [151]. As the descriptive term
“qualification” already indicates, these publications do not include a detailed investigation of possible
failure mechanisms, especially not on the cell level, but are more concentrated on a pass-or-fail
evaluation. Moreover, failures such as broken battery fixing brackets [148] are out of the scope of
this thesis. Other publications, such as [141,151] do not provide indispensable information such as,
for example, the duration of their vibration tests.
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Therefore, the aforementioned publications have been reviewed but are not taken into further detailed
consideration, as they cannot contribute to the goal of this thesis to increase the general understanding
of the influence of vibrations on lithium-ion cells.

More detailed investigations have been done by Hooper et al. [152-155] and Zhang et al. [156]. They
tested the durability of 18650 cells of nickel manganese cobalt oxide (NMC) and nickel cobalt
aluminum oxide (NCA) chemistry under the load of electric vehicle random vibration according to
the SAE J2380 (random) testing standard and a self-made vibration profile called Warwick
Manufacturing Group/Millbrook Proving Ground (WMG/MBK) by single-axis shaker testing
[152,153,156] and multi-axis shaker table testing [155] and found divergent results.

Not further specified 18650 NCA cells did not show significant degradation for either shaker
configuration [153,155], while for NMC cells of the type Samsung ICR18650-22F significant
degradation was reported. The most significant change was reported for inner resistance [152]. Some
cells which were reported to show a strong increase in resistance, e.g., one cell with an increase of
the internal resistance by 254%, showed no change in capacity [152]. Therefore, no reproducible
correlation between capacity decrease and resistance increase could be identified. This implies that
further research into the underlying physics of failure or failure mechanism is needed. Four cells
(three vibrated cells and one reference cell) taken from [152] were further analyzed by X-ray
photoelectron spectroscopy. It was proposed that vibration damaged the passive layers on the negative
electrode. This was reported to cause subsequent layer rebuilding with other chemical compositions
and hence increased ionic resistance, causing an increased ohmic resistance value [154]. Zhang et al.
tested 32 18650 cells under random load according to SAE J2380 to obtain a statistical conclusion.
They observed a degradation with decreasing capacity mean and increasing spread [156], but it is also
possible that other reasons for the observed behavior existed.

18650 cells were also tested under different sine loads, but no load duration was reported and the data
for, e.g., capacity show a very wide spread in between the tests so that no reliable conclusion can be
taken from this (e.g., 2.584 Ah before vibration, 2.375 Ah after vibration with 5 Hz and 2.493 Ah
after all vibration). [157]

Brand et al. tested 18650 cells (1.95 Ah) and Pouch cells (0.7 Ah) with an SOC of 50%. They used
sine vibration and shock profile testing according to the recommendations UN 38.3 T3 and T4 as well
as a self-designed long-term sine sweep profile with 1.5 mm constant displacement in a frequency
range between 4 Hz and 20 Hz, which ran for 186 days. The same 18650 cell is also tested in
Chapter 5 of this thesis. The pouch cells in in-plane and out-of-plane orientation, all 18650 cells
vibrated in radial direction and the 18650 cells tested with the UN 38.3 sine profile did not show any
degradation. The cells, which were shocked in the axial direction, were found to have a damaged
current interrupt device (CID) due to mandrel displacement inside the jelly roll, while impedance and
capacity remained constant. The long-term test with vibration in an axial orientation caused local
short circuits inside the cell accompanied by a drop in capacity, an increase in resistance and a partly
melted separator identified by computed tomography and post-mortem analysis. In addition, it was
shown that the inner mandrel can cause damage in the negative current collector tab, which connects
the jelly roll with the can. [99]
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3.3 Structural dynamics identification of lithium-ion cells and packs

EMA has been used by several researchers for structural response analysis of pouch cells [158-161]
and prismatic cell packs [162].

Choi et al. [158] made the first attempt to investigate the structural dynamics of lithium-ion pouch
cells for one SOC by experimental modal analysis with impact testing and shaker testing, but neither
gave any values for damping nor obtained any mode shapes. Additionally, support conditions during
impact testing are unclear and during shaker testing, no free-free condition existed.

Hooper et al. investigated several pouch cells of one type at different SOC by impact testing. They
reported no sensitivity of the structural response in terms of stiffness and attributed differences in
cell-to-cell variation. They further reported damping values and mode shapes. [160]

Popp et al. also used EMA for the analysis of 25 Ah NMC lithium-ion pouch cells. They used a
miniature shaker in combination with an impedance head. This shaker-sensor-combination was
placed upside down on the cell to measure the driving point (DP) FRF. Structural dynamics were then
captured for different SOC, two SOH (one new and one cycled cell under test) and temperature. They
reported sensitivity of the response for both SOC and temperature. [159,161]

Volk et al. performed experimental modal analysis on 14 cell packs composed of 16 prismatic hard-
case 26 Ah lithium-ion cells with different SOC and different SOH and investigated the first two
bending modes. The variations of the resonance frequencies did not reveal a statistically significant
dependence on either SOC or SOH and were assumed to be due to cell-to-cell variations because of
production tolerances. [162]

Hong et al. used simulative modal analysis by application of FE models on the pack level. The
numerical model consists of 20 stacked nominally identical pouch cells. For this pack, an FE model
and a parametric reduced order model (PROM) were built. With the PROM, computationally efficient
Monte-Carlo calculations were performed to investigate the effect of parameter variations. The
influence of pre-stress and cell-to-cell variation was investigated. They found increased stress and
stress localization in the case of cell-to-cell variation as well as dependence on pre-stress. While a
model-to-model comparison between FEM and PROM was performed, no measurements have been
taken or used for parameterization or validation so far. [163]

Nam et al. built an FEM and a PROM model of a lithium-ion battery pack composed of prismatic
lithium-ion cells. They considered the effects of SOC, aging and cell-to-cell variations. The model
was built to improve the structural design, to avoid local stress concentration and to identify suitable
locations for battery monitoring based on the batteries’ structural response. Again, the model is based
on literature values, not on parameterized or validated by measurements. Unfortunately, they propose
modes with natural frequencies of 3000 Hz and higher for the structural monitoring, which is out of
the relevant frequency range for EV applications, as presented in Section 3.1. [164]
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3.4 Conclusions and identified gaps in current research

In the previous Sections 3.1-3.3, a short summary of the available literature in the field of lithium-ion
battery research with respect to vibration is given. This Section 3.4 aims to consolidate the findings
from the three separate sections to identify existing gaps and to derive a direction for the research in
this thesis.

In Section 3.1, publications that reviewed and investigated testing standards or regulations or
performed load profile measurements have been collected. This collection revealed several findings,
shortcomings, and gaps:

1. The available research about vibration load profiles is focused on EV profiles due to the
importance of electric mobility [92,134,136-138,165]. Other applications, such as power
tools were not considered in detail with respect to their vibration characteristics in the
available scientific literature.

2. There are significant variances in both standards and regulations, as well as in measured load
profiles [92,134,136-138]. While for qualification testing in the industry, the appropriate
choice about future application must be made to obtain valid results, a scientific investigation
should rather concentrate on identifying the underlying failure mechanisms and sensitivities
in order to reveal universal and assignable results. Otherwise, there is the risk that the results
tend to be valid for only a very specific case.

3. The different requirements regarding SOC or temperature during testing [92,134], indicate a
need to understand the influence of these parameters on vibration behavior, fatigue, damage
etc.

4. Methods such as FDS and SRS are used to compare different load profiles [134,138], while
the validity or applicability of these approaches for lithium-ion cells and batteries has never
been proven.

If the investigations of cell durability under vibration loads briefly reviewed in Section 3.2 are
considered as well, the following findings can be added:

5. None of the available publications that investigate vibration durability and were introduced
in Section 3.2 includes a theoretical risk assessment regarding vibration-caused failure for
lithium-ion cells prior to the tests.

6. Applications other than EV, e.g., space applications, have been tested, but due to the
limitations of these publications given in Section 3.2 all but two of the additionally considered
publications [99,157] concentrated on EV application [152,153,155,156]. The vibration
durability of lithium-ion cells, e.g., in power tool applications, has not been investigated in
the scientific literature.

7. The standard according to SAE J2380 (random) is the most common in the available literature
about automotive vibration testing on the cell level [152-156], because it is defined as being
representative for a 100,000 mile vehicle life [152]. At the same time, it has been stated that
this profile might not be representative for real load conditions [136,138] and that small
components, such as 18650 cells have their critical frequencies in a higher frequency
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10.

11.

12.

13.

14.

15.

16.

range [137]. It is hence unproven if cell level testing according to SAE J2380 is valid or if
another profile should be applied.

With regard to finding 7, it would be interesting to measure vibrational load profiles not only
somewhere on the battery pack [136] or other locations such as trunk or center [134], but also
inside the battery to understand transmissibility from outer vibrations to the inner parts of the
battery pack, in particular to the cell.

Testing the durability of cells under automotive random load according to SAE J2380
revealed varying results for different cells under the same test conditions with significant
degradation of the cells in [152] and no degradation of the cells in [153]. In [154], the same
group, which performed both durability tests, attributes the observed degradation to
vibration-induced surface layer generation on the negative electrode. If this is true, the
question remains why the cells in [153], which also have a graphite anode, did not show the
same degradation. A detailed look into the different cells and their inner design, e.g., into the
jelly roll design would be required. Surface layer destruction and reconstruction could be
favored when relative movement of the electrode layers is possible.

With regard to finding 9, none of the publications testing durability for automotive random
profiles [152,153,155,156] considered the inner cell design.

In addition, the vibration durability of electrically pre-aged cells has not yet been investigated.
This is interesting, because the lithium-ion cells inside an electric vehicle and in every other
application age during their lifetime and therefore undergo some of the vibration in an aged
condition.

A fully proven failure mechanism (moving mandrel) with subsequent failure mode (e.g., ISC)
caused by vibration, was shown by Brand et al. [99]. They showed that vibration has the
general potential to cause local short circuits and subsequent critical failure in a lithium-ion
cell under certain circumstances and revealed the root cause due to a specific cell design with
a loose mandrel inside the jelly roll. The limitation here is that failure was obtained after more
than 120 days of testing time, which might be far from real load conditions and impossible
to reproduce in a cost and time-driven environment.

The findings by Brand et al. [99] are limited to one cell and the respective cell design. The
investigation of other cell designs is, therefore, of high interest.

The long testing time to failure in [99] and the “result-less” testing in [153,155,156] without
clear failure mechanisms give rise to the need for a holistic approach to the vibration
durability testing of lithium-ion cells. Otherwise, testing all possible variations (SOC,
temperature, SOH, excitation type, excitation amplitude etc.) produces a far too large test
matrix.

The failure mechanism of a loose mandrel striking up and down [99] is the only clearly
proven possible failure mechanism and at the same time is not a classic case of fatigue, which
supports the concerns that methods such as FDS are not valid methods to describe lithium-
ion cell vibration durability or to compare load profiles (see finding 4).

While some investigations regarding the vibration durability of 18650 cells are
available [99,141,151-157], the available information regarding the vibration durability of
lithium-ion pouch cells [99,144,166] or prismatic cells [145] is very limited.
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17. All cell failures proven or probably due to vibrations have been recognized at a certain point
in time during a check-up procedure [99,152]. Therefore, it is unclear if failure appears in a
creeping manner or instantaneously and if it can be detected or even predicted.

This long list of shortcomings and gaps requires a holistic approach for investigating the influence of
vibrations. One step is the application of modal analysis, as it provides the most general description
of structural dynamics and therefore the structural behavior of the lithium-ion cells. As mentioned in
Section 3.3, some investigations have been made with the following identified gaps:

18. Lithium-ion cells are complex structures with many components and interfaces. This
structure is very likely to behave nonlinearly. As modal analysis is a linear technique, test
benches and the obtained results should be carefully evaluated to ensure proper validity of
the results. This has not been done for cell level testing up to now [158-161]. In addition, no
one has systematically investigated nonlinear effects in the structural dynamics of lithium-
ion cells.

19. The literature discusses the application of EMA on the cell level [158-161] and the pack level
[162]. Modal analysis based on FEM is available on the pack level for both pouch [163] and
prismatic cells [164]. These two FEM-based investigations did not use experimental data for
parameterization or validation. Only in one case, investigating the design of structural
batteries, were the advantages of experiments and simulations combined by Galos et al. [167].

20. As far as the author knows, no FE model to describe structural dynamics or vibration response
of a single lithium-ion cell is yet available.

The approach chosen in this thesis is motivated by these numerous shortcomings in the available
scientific knowledge.

3.5 Derived research questions and objectives

The investigation of the available literature regarding lithium-ion cell vibration durability revealed
several shortcomings and limitations. Since the list is very exhaustive, this section breaks it down into
fewer and wider objectives, which provide the framework for this thesis.

The main and most important research question or objective of this thesis is the following:
Objective 1: Which failure mechanisms in lithium-ion cells can be caused by vibrations?

The focus of this thesis is to identify the underlying failure mechanisms with vibration as the cause
for different cell types without limitation to one specific loading condition or specific cell design. At
the beginning of this thesis, only one single failure mechanism (moving mandrel inside an 18650
cell [99]) had been proven, given all the listed limitations in Section 3.4 (see identified limitations 12,
13, 14, 15, 16 and 17). To understand the failure mechanism can help improve or accelerate vibration
testing, improve the cell or pack design for durability, identify diagnostic methods for or prevent
critical loads in application by suitable countermeasures.

The theoretical risk assessment in Chapter 4, including a field failure study, is the first step to reveal
the potential failure mechanisms (addressing limitation 5), which are subsequently investigated
throughout this thesis. Therefore, load testing in Chapter 5 with the consideration of different cell
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designs (with regard to the limitations 9 and 10) and different SOC and SOH (see limitation 11) as
well as the characterizations in Chapter 6 and Chapter 7 are used.

Characterization can reveal sensitivities, e.g., from SOC or SOH, and in the best case can be used to
identify the criticality of different states of the battery cells without testing at each state, which is
related to the limitations 3 and 14.

In addition, the characterization results are the foundation for the FE model of a lithium-ion pouch
cell in Chapter 8, addressing the limitations 19 and 20 regarding the availability of a valid and
experimentally parameterized FE model of a lithium-ion cell for the investigation of vibration. This
model was built because it can give further insights, for example, into inner-cell stress states, which
is mandatory to investigate fatigue as one of the possible failure mechanisms.

From the description above, it becomes obvious that this central question is related to the further
objectives which are based on objective 1 or are required to fulfill the tasks related to objective 1:

Objective 2: Which failure modes are associated with the failure mechanisms in lithium-ion
cells caused by vibrations?

Besides the underlying failure mechanisms, failure modes are of high interest. Answering this
question will reveal if, for example, accelerated aging (or more generally wear out) can be caused by
vibrations besides safety critical events as a short circuit. Failure mechanisms with non-safety critical
effects, but accelerated aging, are even more difficult to identify, since the aging must be isolated
from other aging mechanisms. This objective is also related to limitation 17 regarding the
instantaneous or creeping characteristic of a vibration-caused failure.

Objective 3: What influence does the (inner) cell design and other common parameters or
conditions such as SOC, SOH and temperature have on a lithium-ion cell’s vibration durability
and structural response?

This objective is related to limitations 2 and 3 with regard to the differences in standards and to
limitations 9, 10, 11, 13, and 14 with regard to vibration durability. The topic is addressed in Chapters
5, 6 and 7. In Chapter 5, 18 different 18650 cells are compared with respect to their vibration
durability under consideration of different inner cell designs and with respect to variations in SOC
and SOH. In Chapters 6 and 7, the significance of these parameters for the vibrational behavior of
lithium-ion cells is investigated through EMA to reveal the dependence of the structural response on
the different parameters.

Objective 4: Is it possible to compare or accelerate vibration durability tests for lithium-ion
cells, e.g., by the application of methods such as FDS with a focus on failure mechanisms and
nonlinear behavior?

This objective is related to limitations 4, 7, 12, 14, 15 and 18. Since the application of FDS assumes
classical fatigue-based failure and test acceleration is usually accomplished by an increase of the load
amplitude, both the failure mechanism and the degree of nonlinearity in the structural response must
be understood. This is investigated through the application of EMA in Chapters 6 and 7.
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Objective 5: What potential lies in the application of EMA as a characterization method in
lithium-ion cell research at all?

EMA has been chosen for this thesis as the basic method to understand what happens inside a lithium-
ion cell during vibration and to enable the design of FE models for a combined experimental-
simulative approach on the cell level (see limitations 19 and 20). It is also used to identify sensitivities
from cell parameters, ambient conditions or boundary conditions (see limitations 2, 3 or 18). At the
same time, it is a comparably new method in the field of lithium-ion cell research and therefore it is
evaluated with respect to its potential for any application in research, online monitoring etc.

Limitations 1, and 6 regarding applications other than EV and limitation 8 regarding the
transmissibility from pack to cell level are not covered in this thesis in sufficient depth to be included
as an objective.
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4 Risk assessment for mechanical loads on lithium-ion cells

In this chapter, a theoretical investigation of the risk of vibrations for lithium-ion cells is given. At
first, an analysis is performed to investigate safety-critical incidents caused by lithium-ion batteries
in Section 4.1. It must be said that vibrations can also cause increased degradation without becoming
safety critical. Section 4.2 collects and summarizes the findings of various reliability-investigating
publications in the form of an FMMECA with a focus on mechanically induced failures. Section 4.3
relates this to the state of the art, which is introduced in Chapter 3. Based on these findings,
Section 4.4 gives a conclusion about possible failure mechanisms from a theoretical perspective (see
identified limitation 5 on page 35). The results are used to adjust the focus in the subsequent
experimental investigations.

4.1 Analysis of lithium-ion cell related incidents

Due to the novelty of lithium-ion batteries and the severity of failures owing to the high-energy
content and the difficulties of stopping a failure in progress [15,168,169], incidents associated with
lithium-ion batteries attract high public awareness, although the probability of failure is quite
low [165]. Besides the high risk for people and surrounding objects in case of battery failure leading
to thermal runaway with fire and explosion [11,15] and the evolution of toxic gases [170-172], such
failures can cause reputational and economic damage. To give an example, the incidents with the
Samsung Note 7 and the costly product recall of millions of devices reduced Samsung’s mobile
division profits by 98% and by 30% for the whole company [173].

Several sources are reviewed below to find out how many incidents have been triggered due to
mechanical causes in general and due to vibrations in particular. At first, the website of the US
Consumer Product Safety Commission (CPSC), www.cpsc.gov, is used to identify and analyze
similar events that initiated a product recall. In addition, several researchers investigated and collected
incidents associated with lithium ion batteries [9-17,174]. Thirdly, a collection of 238 airport
incidents in the period from May 1994 until December 2018 by the US Federal Aviation
Administration (FAA) [175] is reviewed for incidents associated with mechanical loads. Only the
incidents caused by mechanical loads are extracted from these three resources and then included in
this thesis. The wider focus comprising all mechanical loads was chosen to collect more ideas and to
be able to derive relations from static and dynamic loads, for example.

The recall study comprised 155 battery related product recalls between 1997 and 2016. The initial
collection was done by Constanze Kranner in her bachelor thesis under the supervision of the author
of this thesis [176]. This data collection has been used, updated, and newly analyzed.
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Several recalls collected in [176] are excluded here due to the following reasons (number of neglected
recalls in brackets):

- products with unknown battery cell chemistry (lithium-ion cell or not) (53)

- products with nickel-metal hydride (NiMH) or nickel-cadmium battery (NiCd) (11)
- products with primary lithium, alkaline, lead acid or other battery technologies (15)
- products with reported sales number lower than 10,000 units (59)

- products with counterfeit batteries (2)

After this data cleanup, 48 recalls associated with lithium-ion and lithium-polymer (LiPo) batteries
remained. An overview over these recalls is available in Appendix A.3. These add up to a total
reported sales number nsiq of 18,375,210 of all these items and ki =718 failed devices
(Krait/Nsold = 0.0039%)).

The analysis of the product categories in Fig. 16a shows that most recalls pertained to laptops
followed by consumer electronic devices, such as cell phones, DVD players etc., battery packs and
toys. One recall is known for hoverboards (Mobility), for screw drivers (Others) and bicycle lights
(Lights). The numbers of sold and failed items for each category are provided in Table 2.

Fig. 16b depicts the failure modes by which the devices failed. It is obvious that in most cases (28 in
total) the failure mode is unknown. Identified failure modes are in the order of their frequency: short
circuits (SC) - including internal short circuit (ISC) and external short circuit (ESC), cell defects,
overcharge failures and others.
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Fig. 16: Analysis of lithium-ion battery related recalls with respect to a) product category and
b) failure mode
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Table 2: List of all product categories in the investigated recalls with the respective numbers for
each product category

Product category Number of recalls  Number of sold items nsos  Number of failed items Kril  Krail/Nsold
Laptops 24 11,751,200 265 0.0023%
Consumer electronics 11 4,791,200 205 0.0043%
Battery packs 6 264,710 71 0.0268%
Toys 4 1,007,000 72 0.0071%
Mobility (hoverboards) 1 501,000 99  0.0198%
Others (screw drivers) 1 42,000 3  0.0071%
Lights (bicycle lights) 1 18,100 3 0.0166%
Sum 48 18,375,210 718 0.0039%

The information obtained from the recalls has numerous limitations:

- Unknown beginning of operation, known as left censoring [177,178].

- Unknown time of failure, known as interval censoring [177,178].

- Truncation of data, also called suspended or right censored data, as most devices are removed
from operation before failure at the date of recall [178].

- Unknown operational conditions such as temperature, shocks, vibrations etc.

- Unrepresentative sample, as recalls only contain defective devices, e.g., Note 7 is not
representative for all Samsung smartphones with 1.9 million recalled Note 7 [179] in contrast
to 292.3 million Samsung smartphone shipped worldwide in 2018 [180].

- Many of the recalls relate to low-quality products. This can be seen in sales numbers. Out of
all recalls, 59 recalls (equals 38%) were excluded from the analysis as each of the recalled
products was sold less than 10,000 times.

- For most of the recalls, failure modes are unknown (see Fig. 16b); underlying failure causes
are even less known.

- Many of the recalls and failures occurred due to failures in the BMS and periphery and not
due to a cell failure [165].

The Samsung Note 7 incident is an exception that can be used to obtain valuable information because
Samsung made a significant effort to analyze the root cause of the failure. The investigation revealed
two failure causes: First, the battery cell did not fit into the compartment and therefore the negative
electrode was deflected. Secondly, high welding burrs and insufficient insulation caused penetration
of the separator. Both errors caused an ISC and the cells subsequently went into thermal runaway. [14]

Incidents associated with lithium-ion batteries have been also collected in several scientific
publications [9-17,174] and from governmental agencies, e.g., the FAA [175].

Several incidents occurred due to a combination of vibration during transportation and improper
packaging in cargo [175]. These incidents were excluded from the analysis because the root failure
cause was not vibration, but improper packaging and subsequent external short circuit [17,91]. Proper
packaging is out of the scope of this thesis. 23 of 238 (approx. 10%) incidents collected in air
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transportation were caused by mechanical impacts, mostly because cells or devices were dropped,
penetrated or crushed during handling or after sliding in an airplane seat. [175]

Several field failures of EVs were also reported with mechanical impacts as the identified failure
cause. For example, in June 2011, a fire occurred in a Chevrolet Volt EV three weeks after a crash
test [15,174,181]. Investigations revealed that the impact of the crash caused the cooling system of
the battery pack to leak, the subsequent external short circuit caused fire in the vehicle after some
delay [9,15]. Some Tesla Model S vehicles caught fire because of direct impact of sharp metallic
objects or a tow hitch with subsequent short circuit [15,174,182].

Table 3 summarizes all identified incidents with a mechanical cause in the style of a failure mode,
effect, and cause analysis (FMECA). If not otherwise mentioned, the batteries in the table are always
lithium-ion batteries. The incident itself, date and failure effect are taken from the references directly.
The failure causes are possible assignments made by the author of this thesis because the failure cause
cannot always be clearly identified. For example, being wedged in an airplane seat can cause
penetration, bending and compression. Hence, for most of the incidents several failure causes are
listed, while only one of them might have caused the failure. Vibration, the focus of this thesis, was
not identified as a failure cause. While not explicitly mentioned for each accident, a short circuit
failure mode can be assumed for each of the incidents in Table 3, since the reported failure effects —
heat, smoke and fire — are common reactions after a short circuit of lithium-ion batteries [15].
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Table 3: List of collected incidents with different mechanical causes (Drop, Penetration,
Compression, Bending or Vibration) and the subsequent failure mode Short Circuit (SC) and
effects, (* not necessarily mentioned in the respective references, and marked with possible)

Date Possible Possible  Reported
Incident / Item failure failure failure Ref.
cause(s)* mode* effect
Battery was dropped in flight 2009/09/09 D SC Fire [175]
Chevrolet Volt EV caught fire three weeks after crash
test (cooling system was damaged and caused 2011/06/-- P,C SC Fire [9,15,174]
subsequent short circuit)
Electronic reading device became wedged when Smoke and
) . - 2011/10/10 C,P,B SC ) [175]
airplane seat was moved to upright position fire
BYD EG6 taxi was rear-ended and caught fire 2012/06/-- C,P,B SC Fire [182]
Tesla Model S caught fire due to direct impact of sharp .
L 2013/10/01 P sC Fire [15,174]
metallic object
Laptop was damaged by a dolly 2013/10/02 C,P SC Fire [175]
Tesla Model S crashed at high speed 2013/10/18 C,P,B SC - [174]
Tesla Model S struck a tow hitch 2013/11/06 P SC - [174]
Cell phone wedged into airplanes seat mechanism 2016/05/15 C,P,B SC Smoke [175]
Several Samsung Note 7 caught fire and were recalled ~ 2016/10/-- B, P SC Fire [14]
iPhone 7 became wedged in airplane seat was moved
) - 2017/01/15 C,P,B SC Smoke [175]
to upright position
Batteries were inadvertently dragged by a dolly 2017/04/13 C,P SC Expl. [175]
13 boxes of laptops were bumped causing one box to Heat,
2017/05/02 D SC [175]
fall to the ground smoke
iPad was crushed against motorized airplane seat 2017/06/22 D,C,P,B SC Fire [175]
Package with iPhones fell out of container and was .
2017/10/04 C,P SC Fire [175]
run over
iPhone was crushed when airplane seat was .
. . 2017/12/16 C,P,B SC Fire [175]
electronically reclined
Laptop smoked and became hot after being dropped 2018/01/03 D SC Smoke [175]
Samsung cell phone smoked after being punctured b
geelip 9P Y' 2018002114 P sC Smoke [175]
the sort system
iPhone became wedged in airplane seat and started to
2018/03/12 C,P,B SC Smoke [175]
smoke
iPad became wedged in airplane seat and started to Heat,
2018/04/07 C,P,B SC [175]
smoke smoke
A package of Li-metal 3.9 V batteries fell, was run .
) 2018/06/08 D, C,P SC Fire [175]
over, and caught fire
Batteries were punctured during sort process 2018/07/10 P SC Smoke [175]
Battery power pack was crushed when business seat .
] ] . . 2018/07/23 C,P,B SC Fire [175]
was reclined during cabin cleaning
. Smoke,
6 Ah Battery smoked after it was run over by a tug 2018/07/25 C,P SsC smolder [175]
Laptop smoked after being crushed during transit 2018/08/28 C sC Smoke [175]
1 of 180 boxes of used cell phones was punctured by a Smoke,
] 2018/08/29 P SC ) [175]
forklift (10 phones damaged) fire
Spare batteries were punctured by a forklift 2018/11/02 P sC Smoke [175]
1 of 22 dropped spare batteries smokes 2018/11/09 D sC Smoke [175]
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The detailed investigation of field failures revealed no incident that was proven to be caused by
vibration. At the same time, it must be said that vibration failures usually occur after some time of
damage accumulation [99] and therefore can be hardly correlated with a specific event. In addition,
the recall analysis also revealed that many incidents have unclear failure reasons. Last but not least,
an incident evaluation is always limited to safety-critical events. Therefore, for example, no
conclusion about possible consequences of accelerated aging due to vibration can be drawn.

4.2 Failure mode mechanism effect and cause analysis

Available reviews and theoretical risk assessments are considered in this section. It is not a review of
all available publications on each specific topic. The findings of this section are linked and cross-
checked with the vibration-related literature, which is introduced in the Sections 3.1-3.4, in the
following Section 4.3.

Several researchers used common reliability evaluation methods such as FMEA [85] or fault tree
analysis (FTA) [87,88] to investigate lithium-ion battery safety and reliability.

Bubbico et al. used FMEA to obtain a hazard identification based on manufacturing defects, electrical,
mechanical and thermal abuse and aging [183]. Hendricks et al. performed an FMMEA to provide
insight into the most critical failures as a basis for the physics of failure modelling and improvement
of test standards [184]. Li et al. performed an FMEA for the failure analysis of lithium iron phosphate
batteries, but did not include mechanical effects [185]. Schlasza et al. made a brief review of aging
mechanisms in lithium-ion batteries with an FMEA [186]. A risk identification by Soares et al.
investigated all the risks from production to operation and maintenance and identified vibrations,
noise, mobile or rotary components, shock, compression, sharp or cutting objects and metal projection
as mechanical risks [187].

Held et al. used FTA and showed that a safe cell does not entail a safe battery automatically [188].
Arora et al. reviewed mechanical design and strategic placement for EV battery packs [189] and used
a robust design methodology to identify critical technical requirements for modularity [190]. They
found the thermal management system and packaging architecture to be the two most important
parameters [190]. They also compared the structural characteristics of different types of battery cells
and identified the pouch cell as the weakest cell type due to possible delamination, poor compressive
force endurance and high local stress [190]. Qi et al. investigated lithium-ion battery safety by FTA
coupled with rheology mutation theory [182]. Kong et al. presented a method based on residual
charging capacity to detect micro short circuits (MSC) and expected severe vibration to be a possible
cause for MSC development [16].

The failures related to mechanical loads, which are described in the named literature above, are
summarized as a failure FMMECA for mechanically induced failures in Table 4. The identified failure
modes are open circuit, short circuit and wear out. This can be further broken down, for example, into
local and global short circuit, but at this point, the chosen distinction is sufficient.

According to these findings, the failure mode “open” (high resistance) can occur due to solder failure
and has been also associated with vibrations as one of several possible failure causes [190].
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For the safety critical case of short circuit with the subsequent potential of thermal runaway the same
causes penetration, shock, drop, crash, compression, or impact as in the incident analysis in Table 3
can be found. Bending was not found as a failure cause in the investigated literature. Vibration is
named as a possible cause for MSC initiation [16].

Wear out failure has been associated with mechanical stress due to intercalation, causing particle
fracture or separator pore clogging. Arora et al. also assumed that vibration could cause cell wear out
due to continuous vibration, resonances or shocks [189,190]. Other reported failure mechanisms are
electrode delamination and electrolyte leakage.

Table 4: FMMECA of lithium-ion cell and module failure due to mechanical loads based on a
literature survey (* added by author and not originally from reference)

Failure Mode Failure Mechanism Failure Cause Possible effects* Ref.

Solder cracking at the Vibration, thermal or

Open Circuit disconnect [184,190]

terminals mechanical fatigue
Thermal runaway,
Hole in separator, electrodes  Crushing of the cell, load  toxic exposure,
Short . . [166,184,189]
in contact on the cell capacity loss and
power fade

Micro short circuit through _ Thermal runaway,
Short . L Vibration . [16]
dendrites piercing separator toxic exposure

Penetration by sharp or
cutting objects

. Thermal runaway,
Penetration ] [187]
toxic exposure

Short

Shock against a heavy object Thermal runaway,
Short g vl Shock, drop, impact ] y [187]
or drop toxic exposure

Mechanical stress due to

Capacity loss and

Wear out Anode particle fracture . . [183,184,186,190]
intercalation power fade
. . Mechanical stress, Capacity loss and
Casing failure, electrolyte L .
Wear out leak shock, vibration, power fade, toxic [91,183,187,190]
eakage
9 resonances exposure
. Mechanical stressdue to  Capacity loss and
Wear out Cathode particle fracture . . [183,184,190]
intercalation power fade
Closing of multilayer . Capacity loss and
Wear out Mechanical stress [76,183]
separator pores power fade
L Shock or continuous Capacity loss and
Wear out Electrode delamination [189,190]

vibration, resonances

power fade

4.3 Comparison with the state of the art in vibration research

In the preceding Sections 4.1 and 4.2, the risks associated with mechanical loads are investigated by
incident analysis and a risk assessment based on a FMMECA is performed.

The analysis of incidents did not yield very helpful information to understand the impact of vibrations.
Possible reasons are that vibrations never caused an in-field failure or that vibration just never could
be identified as the root cause, because failure occurred in a hidden manner over a period of time.
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Nevertheless, welding burrs and electrode deflections as reported for the Samsung Note 7 recall [14]
could be interesting for vibration research as well.

The risk assessment in Section 4.2 identified vibration as a possible failure cause according to some
published studies. Vibration-caused failure can be found and attributed to all three failure modes —
open, short and wear out — according to the reviewed publications.

If limited to vibrations, the failure mode “open” was associated with the failure mechanism solder
cracking. The failure mode “short” was to a pierced separator by dendrites. In case of “wear out”,
electrode delamination was assumed to be a possible failure caused by vibration, while particle
cracking was attributed only to mechanical stress due to intercalation. In addition, electrolyte leakage
and casing failure were reported as possible failure mechanisms (for respective references see Table
4).

With regard to vibrations, Brand et al. revealed local short circuits due to damage through the moving
mandrel [77], which could not be found in any of the several risk assessments. In addition, the local
short circuit caused decreased capacity and increased resistance, but not a full short circuit with the
failure mode “short”. This shows the possible complexity of the various failure scenarios. Hooper et
al. found increased resistance in 18650 cells after vibration [152], and Somerville et al. [154]
attributed this to extended passive layer generation, while the risk assessment identified electrode
delamination as a possible failure mechanism without experimental proof [189,190].

4.4 Conclusions of the theoretical risk assessment

The preceding investigations made it obvious that very few generally accepted and reproducible
investigations regarding vibration failure of lithium-ion cells exist.

Therefore, Chapters 3 and 4 are used as a source together with our own considerations to create a
summary of possible failure mechanisms for lithium-ion batteries due to vibrations. These are linked
to the experimental and simulative investigations in the following sections. Fig. 17 depicts the
overview of possible combinations of cell components, failure mechanisms and failure modes.
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Rupture or crack formation due
to fatigue

Casing / can / bag

Electrode(s)

Particle cracking due to fatigue Short

Separator(s)

Abrasion nchin
Current collector tabs brasion / punching

Open

Current collector .
Deflections

Mandrel and spacer(s)

Deformation Wearout

Weld or solder spots

Safety devices, e.g.

cID Delamination due to fatigue

Fig. 17: Possible combinations of damageable cell components (left), failure mechanisms (middle)
and failure modes (right)

In the first column of Fig. 17, the various possible components of a lithium-ion cell are listed. Of
course, not each component pertains to each cell type, since, for example, pouch cells do not have an
inner mandrel. In the second column various possible failure mechanisms based on our own
considerations and the investigated literature in the preceding chapters are given. The third column
depicts the three failure modes open, short and wear out. The connecting lines show possible failure
combinations. In the following, the mechanisms are further explained and linked with the respective
investigations that are included in this thesis.

Loose components inside a cell can pose a risk to vibration durability. Brand et al. showed this when
they detected a moving mandrel damaging the cylindrical cells inside [99]. The failure mechanism
due to this moving mandrel can be, e.g., abrasion or rupture of current collector tabs and separator
layers in the region of the mandrel. Since this has been demonstrated for only one type of 18650 cells,
in this thesis an analysis with 18 different 18650 cells is presented in Chapter 5 to investigate the
sensitivity of vibration durability to the cell design and to answer the question whether other things
can happen, such as layer-to-layer displacements in the jelly roll or electrode stack. These could result
in abrasion at the location of welding burrs inside the jelly roll or electrode deflections at the upper
or lower end of the jelly roll.

Since it is assumed that the jelly rolls in a prismatic cell are less tightly constrained than in a
cylindrical cell [128,129], a large format prismatic cell is characterized regarding their structural
dynamics in Chapter 7. The revealed dynamics can also give a hint whether the displacement of the
jelly rolls in this type of cell can cause a failure due to insufficiently constrained components. Possible
failure mechanisms could be, for example, abrasion between jelly rolls and cell casing, cracks or
rupture of the current collector foils or the welding connections between current collector foils and
cell terminals due to fatigue. The results of such durability tests are likely to depend on several
parameters, e.g., the SOC of the cell and the respective electrode swelling, the SOH, the temperature,
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or the outer constraints due to external bracing. The first step in this research topic, therefore, is the
characterization of the structural dynamics of large-format prismatic cells in Chapter 7.

Fatigue is mentioned in the preceding paragraph as a possible failure mechanism for the welding
spots inside a cell when significant displacement occurs. It is, in general, an interesting question if
vibration can cause any stress or strain related HCF in a lithium-ion cell, e.g., of the electrodes and
the respective electrode material, the separator, the current collector tabs or the welding spots of the
current collector tabs inside the cell. Fatigue is one of the most common failure mechanisms in case
of vibrations in general [154] and is worth considering in lithium-ion cell research. Answering this
question and understanding the dynamic behavior of the cells and its components can also provide
valuable knowledge, e.g., to understand if methods as FDS can be applied. Fatigue-related failure
mechanisms are also the most prominent ones in Fig. 17 with the theoretical possibility of causing all
three different failure modes short, open and wear out in a wide range of different variations.

A possible HCF of electrodes and separators is investigated with pouch cells in this thesis, since they
impose the least constraints on these components for all cell types. Therefore, a characterization such
as the one described for prismatic cells is also made for pouch cells in Chapter 6. The results are used
for model parameterization in Chapter 8 to calculate stress and strain levels. Subsequent experiments
might clarify if, for example, electrode delamination, particle cracking or damages, such as holes
in the separator due to fatigue rupture are relevant mechanisms for vibration failure. Another
possible failure mechanism could be HCF of the casing, which can result in casing failure or
electrolyte leakage.

The investigations and results of Chapters 5-7 have been published in peer-reviewed scientific
journals and are included in this thesis as they have been published. Each chapter and its respective
publication are given with an additional summary prior to the publication itself. These summaries
provide the motivation and idea behind each work based on the identified research questions together
with the essential results and the contribution of each author of the respective publication.

49



5 Durability of lithium-ion 18650 cells under a random vibration

load with respect to the inner cell design

In the following, the first of the core-publications [84] of this thesis is briefly introduced.
Introduction and motivation

This chapter and the respective publication [84] build the bridge to the existing research, as it
combines the successful methods EIS (2.4.1) and CT (2.5) from [99] and the majority of vibration-
related publications, which investigated the impact of automotive vibration load conditions on
lithium-ion cells [133,152-156,191]. This method provides the best possibility for identifying
possible failure mechanisms. The motivation was also to clarify the unclear origin of the reported
degradation in [152] (see also Section 3.2 for a detailed literature review). In addition, the impact of
different inner cell designs as well as previous cyclic aging on vibration durability is investigated in
this chapter. To understand the impact of different inner cell designs, 18 different commercially
available cells are investigated and tested in detail. An upscaled load profile was derived to increase
the probability of failure. The 18650 cell format is chosen because it is both the most investigated cell
type in literature regarding vibration durability and the cell format with the highest commercial
availability. This availability offers a wide range of various cell designs for the comparison.

Addressed objectives

This approach addresses multiple objectives that are introduced in Section 3.5. The upscaled profile
and the varying cell designs combined with EIS- and CT-analysis can help to identify various failure
mechanisms (Objective 1) and failure modes (Objective 2). The variation of the inner cell design and
the two parameters SOC and SOH addresses Objective 3 (influencing factors).

Key results

None of the tested cells showed significant electrical performance degradation due to vibration. Post-
vibration CT of cells tested with the upscaled profile revealed mechanically damaged negative current
collector tabs inside two cell types due to a loose mandrel, similar to the observations in [99]. The
cells with damaged current collector tabs are the cells with the lowest ratio of mandrel diameter to
inner jelly roll diameter, emphasizing the importance of the inner cell design for vibration durability.
In case of applications with high vibration loads, the use of a tightly packed cell without an inner
mandrel or with a mandrel, but with a high diameter-ratio is recommended. Additionally, ultrasonic
welding of tab and can with a wide welding area prevented high ohmic (open) or intermittent failure
of the cell. Such failure modes could occur if a complete rupture of the connection between tab and
can would occur.
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The tests based on the automotive vibration profile according to SAE J2380 showed no damage at all
in electrical and optical check-ups in contrast to the results from Hooper et al. [152].

Both SOC and SOH revealed no influence on vibration durability, but it must be stated that this has
not been sufficiently tested for the upscaled load profile. A negative impact of vibration levels that
occur in automotive applications, could not be found. The upscaled profile has shown to be useful to
reveal the influence of the inner cell design on the vibration durability.

Results with regard to the objectives

This publication proved damage of the current collector tab due to a moving mandrel to be the most
important and most likely failure mechanism in an 18650 cell regarding Objective 1 (failure
mechanisms). No failure mode regarding Objective 2 occurred, since the cells were still fully
functional. With a smaller welding area an “open” or maybe an “intermittent” failure might occur. A
“short” failure might occur if a particle of the damaged current collector tab could find its way into
the jelly roll layers, posing a threat to pierce the separator. Regarding Objective 3 (influencing factors)
a dependency on the inner cell design could be found, namely a critical limit of the ratio of mandrel
diameter to inner jelly roll diameter.

Outlook

The upscaled profile has shown to be useful to reveal failure mechanisms and dependencies on the
inner cell design. This can be transferred to other kinds of applications, e.g., power tools. Power tools
are especially interesting, since in this application cells are loaded in various orientations. This can
increase the risk of an ISC due to metallic particles. It would also be interesting to investigate
cyclically pre-aged cells with the upscaled profile to evaluate the effect of aging-induced jelly roll
deformations [192-194] on vibration durability, but since for example, no layer-to-layer displacement
occurred, it is likely that the cells would show similar durability.
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ABSTRACT

Lithium-ion batteries undergo random vibrations in automotive applications, for example due to rough road surfaces.
So far, no investigation based on random vibration has considered the influence of the inner cell design and the
influence of cyclic aging on vibration durability. Therefore, in this study, 18 different 18650 cell types from seven
different manufacturers are tested, using two random vibration load profiles. The applied vibration profiles are the
random profile according to the standard SAE J2380 and another upscaled, more severe profile. The SAE J2380 test
is carried out using both new and electrically pre-cycled cells. All cell types are analyzed by computed tomography in
terms of their inner design with a focus on inner mandrel, spacer and tab design. The performance of the cells is
checked in terms of capacity, electrochemical impedance spectroscopy and post-vibration computed tomography.
None of the cells shows significant electrical performance degradation due to the vibration. Post-vibration computed
tomography reveals mechanically damaged negative current collector tabs inside of two cell types due to a loose
mandrel in the case of the upscaled profile. These cell types have the lowest ratio of mandrel diameter to inner jelly

roll diameter, emphasizing the importance of the inner cell design for vibration durability.

1. Introduction

The growing awareness of global warming and its consequences
increase the importance of technological developments towards a sus-
tainable future. One major required technological change is the trans-
formation from combustion-driven to electrified vehicles [1]. The key
component for the success of battery electric vehicles (BEV) or hybrid
electric vehicles (HEV) is the traction battery, because it mainly de-
termines price, lifetime and safety [2]. The failure of the battery in an
electric vehicle can cause severe damage by fire, explosion and the
evolution of toxic gases [3,4]. Therefore, great effort is spent in terms of
both research [5,6] and standardized safety testing [7].

One of the several stress factors that batteries and the cells inside the
battery have to withstand is the vibration during operation, e.g., due to
rough street surfaces. Some publications have already investigated the
impact of vibrations by means of experimental testing. Vibration durability
was investigated on lithium-ion battery pack level for the application in

aerospace [8,9], electric buses [10], electric vehicles [11,12] and heavy-
duty vehicles [13]. These publications do not focus in detail on the cell
level and also did not report any cell failure. Two publications are available
regarding other cell formats. Tsujikawa et al. tested prismatic lithium-ion
cells according to UN 38.3 and did not report any damage, but investigated
only the open circuit voltage and the integrity of the casing [14]. Wang
et al. investigated pouch cells regarding vibration durability for space ap-
plications under vacuum conditions and reported a stable configuration
with stable voltage and current and therefore no cell failure [15].

Before the various publications regarding vibration durability testing
of lithium-ion 18650 cells are presented a short glance is given on different
common safety testing standards and regulations. These are important
since the major part of the publications, including the present one, is based
on the respective standards and regulations. Several researchers compared
the different testing requirements regarding parameters, such as frequency
content, amplitude, duration, cell condition, severity etc. [7,16-19]. Out of
the wide range of standards, the standard SAE J2380 from SAE

Abbreviations: ABS, Acrylnitril-Butadien-Styrol; BEV, Battery electric vehicle; BOL, Begin of life; CID, Current interrupt device; CC, Constant current; CV, Constant
voltage; CT, Computed tomography; CTS, Cell test system; EIS, Electrochemical impedance spectroscopy; HEV, Hybrid electric vehicle; NMC, Nickel manganese
cobalt oxide, PSD, Power spectral density; RMS, Root mean square; SOC, State of charge; SOH, State of health
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International [20] (equal to the random test defined in the FreedomCAR
abuse test manual [21]) is the most-often tested one in literature, mostly
by Hooper et al. [22-24] and Zhang et al. [25]. Hooper et al. chose this
standard because it is assumed to be equal to 100,000 miles of vehicle life.
They reported significant degradation of the tested lithium-ion 18650 cells
due to vibration, with up to 257.82% increase of internal resistance after
performing single-axis shaker testing. The tested Samsung ICR18650-22F
cells with Nickel Manganese Cobalt Oxide (NMC) cathode and graphite
anode were tested with two different vibration profiles: The SAE J2380
and an emulated profile called Warwick Manufacturing Group/Millbrook
Proving Ground (WMG/MBK) [22]. The second profile WMG/MBK is
based on vehicle vibration measurements by the same research group and
also reported to be representative of 100,000 miles of vehicle life [17,19].

Table 1 shows a small extract of the test results from [22], which are
especially interesting for our research in this publication. The three pre-
sented cells are of interest, because they have been tested according to
SAE J2380, in the same orientation on a single-axis shaker and with the
same state of charge (SOC) as a part of the tested cells in the present
publication. The two cells with an SOC of 25% (cell 10) and 50% (cell 13)
showed an increase of the ohmic resistance R; (intersection of the Nyquist
curve with the real axis), given as AR;. The capacity has not been influ-
enced for cell 10 with 25% SOC. Cell 13 showed a capacity decrease AC of
-1.79%. Unfortunately, for cell 16, only capacity values could be reported
due to cell issues [22]. At the same time, cell 16 is the cell with the worst
capacity degradation AC of all 24 cells (18 test cells and 6 reference cells)
that have been reported in [22]. In general, the results in [22] show no
linear correlation with a determination coefficient R? of only 4.35% be-
tween AC and AR;. This uncorrelated effect of vibration on the different
battery performance parameters further promotes the need to understand
vibration-based failure mechanisms and effects in detail.

The other two studies of the same group for other 18650 cells did
not reveal a comparable impact of vibrations on the lithium-ion cell
performance in terms of, e.g., capacity and inner resistance, no matter if
tested using a single-axis shaker [23] or a multi-axis shaker [24].

Zhang et al. tested 32 18650 cells of the same type with random
load according to SAE J2380 to obtain a statistical conclusion and
observed a degradation with decreasing capacity mean and increasing
spread of the capacity values [25].

It is not completely clear that vibrations are the cause for the ob-
served degradation in [25], since no non-vibrated reference cells have
been included in the study. Other aging effects could also cause the
degradation. Electrochemical aging effects can cause an increased
parameter spread, too [26, 27]. The same group tested 18650 cells
under different sine loads. The load duration is not given and, e.g., the
reported values for capacity show a spread in between the tests. For
example, the capacity of 2.584 Ah before vibration is reported to de-
crease to 2.375 Ah after vibration with 5 Hz and to partly recover to
2.493 Ah after all vibration loads. [28]

Brand et al. tested 18650 cells and pouch cells on a single-axis shaker
using sine vibration and shock profile tests based on the testing standard
UN 38.3 and a self-designed long-term sine sweep profile of 186 days
duration. All test cells were tested at a SOC of 50%. The 18650 cells
shocked in the axial direction revealed a damaged current interrupt device

Table 1

Selected results from [22] for comparison. Three Samsung ICR18650-22F were
tested according to SAE J2380 using the same assumed orientation (axial axis of
the cell equal to the yaw axis of the vehicle) at three different SOC levels.
Strongly increased ohmic resistance for cell 10 and 13 and strongly decreased
capacity for cell 16 is reported (*no data available due to cell issues according
to [22]).

Cell [22] SOC ARi/% ARc1/% AC/%
10 25% +89.00 +21.16 0.00
13 50% +82.61 +24.68 -1.79
16 75% -* -12.22
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(CID) due to mandrel displacement inside the jelly roll, whereas the
electrochemical impedance spectroscopy (EIS) and capacity check-ups did
not indicate any damage. The long-term test caused local short circuits
inside the axially oriented cells with partly melted separator. This has been
revealed through computed tomography (CT) measurements and post-
mortem analysis. The damaged cells also showed a capacity drop and a
rise in ohmic resistance during EIS. The axial direction was the most severe
because the moving inner mandrel was identified as the critical failure
mechanism. Cells oriented in the radial direction revealed no damage in
terms of capacity, resistance or CT images. [29]

Chapin et al. also used CT to investigate the effect of vibrations on
18650 cells and did not report about any cell failure [30]. Kim et al.
investigated a range of different 18650 cells and did not find a negative
impact of vibrations or shocks for space qualification on the tested li-
thium-ion cells. The results are difficult to take into consideration since
for example the duration for the random vibration is missing. [31]

Therefore, to date only few researchers have published vibration-
studies of lithium-ion cells with the application of CT to identify pos-
sible inner-cell failures. None of these studies used automotive random
vibration profiles. At the same time, CT has shown to be very useful in
the vibration studies by Brand et al., because it was capable to reveal
damages, which were hidden in the electrical signal [29]. The precise
3D measurement of structures using X-ray CT allows to detect damages
very precisely with high local resolution, which has been demonstrated
several times [29,32-35]. The local resolution of CT allows to identify
damages, which do not directly cause a change in capacity, impedance
or other electrical parameters. Such failures can be, but are not limited
to, the presence of conductive particles, which not yet caused an in-
ternal short circuit, damaged CIDs which are not completely deacti-
vated [29], damaged current collectors, which still can carry the re-
spective current, but could fail later, and others.

Since safety and lifetime is especially important in the field of
electric mobility, automotive random vibration is the most tested kind
of vibration in scientific literature, as presented. It is hence reasonable
to combine automotive vibration testing with the method of CT for the
damage detection for the first time. Brand et al. tested one kind of
18650 cells with one kind of pouch cells and considered the inner cell
designs [29]. Hooper et al. tested two different kinds of 18650 cells
across several publications [22-24], but without consideration of the
inner cell design. Therefore, a study, which investigates a higher
number of different 18650 cell types and which uses CT to take cell-to-
cell differences in the cell design into account is missing yet. In addi-
tion, no one so far has reported on the impact of vibrations on aged
lithium-ion cells. Lithium-ion cells can show significant deformations in
the jelly roll due to cyclic aging [36-39]. The electrodes itself have been
also reported to show changes in their mechanical stability [40]. The
structural stability and vibration durability of the lithium-ion cells and
their active components might therefore change throughout the lifetime
of the cells. The aforementioned aspects are addressed in this publica-
tion, taking the effects of different inner cell designs and different state
of health into account using vibration testing with capacity estimation,
EIS and CT analysis for failure identification. It is arguable that vibra-
tion conditions change if a cell is installed and packed in a battery
module or pack. Nevertheless, to achieve the highest possible safety, it
is inevitable to understand every possible failure mechanism inside the
cell before all additional effects due to the pack design are investigated.

2. Experimental

In this section, all required background information is given. The
focus is on the vibration load profiles in Section 2.1, the cells under
tests and their differences in the inner cell design in Section 2.2, the
applied test benches in Section 2.3 and the electrical and optical check-
up procedure in Section 2.4.



P. Berg, et al.

2.1. Automotive random vibration load profiles

The first chosen load profile is designed according to the standard
SAE J2380, because it is the most common in literature [22-25,41].
This test is performed with both uncycled and pre-cycled cells. Pre-
cycled cells are cycled down to a state of health (SOH) of approx. 75%-
85% (more detailed information is given in Section 2.2 and in the
Appendix in Table A.1). To achieve comparability, the SOC levels are
adjusted according to [22] and therefore differ from the SOC level given
in the SAE standard itself. The SAE J2380 vibration profile, which is
referenced by SAE J2929, can be used for cell, module, and pack level
testing according to Ruiz et al. [7]. Another random profile out of the
standard IEC 62660-2 is included in this study for comparison, while
not being tested, since this profile is meant for testing on cell level [7].

Fig. 1 depicts the two mentioned profiles, SAE J2380 and IEC
62660-2, in comparison with an own upscaled profile. This additional
upscaled profile is defined to increase the probability of failure, since
high durability of the cells was expected prior to the tests. The upscaled
profile has the widest frequency range and a higher power spectral
density (PSD) level for all frequencies than both mentioned random
vibration testing standards, as depicted in Fig. 1a. Consequently, the
root mean square (RMS) level agys of the vibration is the highest, as
given in Fig. 1b. Fig. 1c depicts that the upscaled test is also the test
with the longest duration (240 h). The upscaled profile is oriented on
the general PSD shape of automotive random vibrations. It is further-
more designed to use the full potential of the vibration exciter. While
this upscaled profile might not perfectly match real loads, it is designed
here to detect weak cell designs and the respective failure mechanisms.
There are also other applications, such as off-road or construction ve-
hicles, which probably have to withstand higher vibration levels.

2.2. Investigated lithium-ion 18650 cells and their inner cell designs

Four different cell types with different inner cell designs are chosen
for SAE J2380 testing and 17 different cell types are chosen for the
upscaled profile. Detailed information for the different cells under test
is given in Table 2. In addition, different levels of SOC and SOH are
compared for the SAE J2380 testing. In the case of SAE J2380 testing,
six electrically uncycled and six pre-cycled cells (electrically aged cells)
are tested for each cell type. Each set of six cells is divided into three
cells for vibration testing and three reference cells. For the uncycled
cells, three different SOC levels (25%, 50%, and 75%) similar to [22]
are chosen. The SOC could have an influence on vibration durability
due to the swelling of the jelly roll in the course of the intercalation of
lithium [43]. In the case of the pre-cycled cells, only one SOC of 50% is
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chosen for all six cells. This is done to take increased cell-to-cell var-
iation due to aging [26,27,44] into account. In the case of the upscaled
profile, during the first round with a testing duration of 120 h, the cells
are taken from storage as they were (SOC equal or below 50% SOC). For
the second round of another 120 h, the SOC was adjusted to 0% SOC.

Fig. 2 depicts the four cell types chosen for SAE J2380 testing in the
new condition in both axial and radial cross-sections of the 3D CT-
measurement at different positions. This gives a good introduction into
exemplary differences in the inner cell design of commercially available
lithium-ion 18650 cells. An 18650 cells always consists of its housing,
called can, which is joint and sealed with the positive terminal (top cap
including the CID) at the end of the cell manufacturing, and the so
called jelly roll. The jelly roll itself is the rolled stack of the negative
electrode (anode), the separator and the positive electrode (cathode).
The whole jelly roll is wetted with electrolyte to ensure ionic con-
ductivity. The current collectors of the anode and cathode can be coated
with different thicknesses. Cells, which are designed for higher currents
such as the Samsung INR18650-25R (Fig. 2d—f) and the Sony US18650
VTCS (Fig. 2j-1) have thinner coatings, while the high-energy cells with
lower power capability such as Molicel IHR18650A (Fig. 2a—c) and
Samsung INR18650-35E (Fig. 2g—i) have thicker coatings.

Current collector tabs electrically connect the cathode with the
positive terminal and the anode with the negative terminal (the cell can
itself) through welding. The current collector tabs can be located close
to the can, in the middle of the jelly roll or in the center of the cell. The
locations and number of tabs can vary from cell type to cell type. Figs.
A.1 and A.2 in the Appendix categorize all 18 cell types in this work
regarding the cathode and anode tab locations and the respective
numbers of tabs. Some 18650 cell types contain an inner mandrel in the
center of the cell. This also applies for three out of four cells in Fig. 2.
Only the Samsung INR18650-25R in Fig. 2d—f has no mandrel. These
inner mandrels are in focus of this study, because the mandrel has been
the most critical component in [29], causing damage in the jelly roll
and of the negative current collector tab. This also explains the choice
of these four cell types for the SAE J2380 testing. They include cell
designs (from left to right in Fig. 2)

- with a thick and therefore heavy mandrel (Molicel IHR18650A),
- without a mandrel (Samsung INR18650-25R),

- with a thin mandrel with a much smaller diameter than the inner
circle of the jelly roll (Samsung INR18650-35E),

- with a thin mandrel but a tighter fit of the mandrel in the empty
space of the jelly roll (Sony US18650 VTC5).

Other important design aspects are the fitting of the jelly roll in the
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Fig. 1. Comparison of the most common vibration testing standards and the load profiles used in this paper by means of a) power spectral density (PSD), b) maximum
RMS acceleration agpys and c) test duration. The SAE J2380 standard gives four different profiles, which have to be tested subsequently: three for the vertical axis, one
for the two longitudinal axes of the vehicle. Profile data is taken from [7,16-18,21,42].
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Table 2

List of all investigated 18650 cells in this work with their nominal capacity Cnom, cut-off voltages Uy, and Up,y, a distinction if an inner mandrel exists, if they have
been electrically Cycled or Uncycled and in which experiment they have been applied (J2380 or upscaled). Application is indicated as Test cell (indicated by a T) or
Reference cell (indicated by an R) together with the number of applied cells n for each experiment.

Cell type ID Manufact. Cell type Crom/ Upin/ Unax/. Mandrel (Yes/No) Cycled / Nees J2380 Neens Upscaled
Ah A v Uncycled

1 A123 APR18650M1A 1.10 2.00 3.60 Yes 18) - 1T
2 LG 18650HE2 2.50 2.50 4.20 No U - 1T
3 LG 18650HG2 3.00 2.50 4.20 No U - 1T
4 LG INR18650MJ1 3.50 2.50 4.20 No U - 1T
5 Molicel THR18650A 1.95 3.00 4.20 Yes u/c 6T/6R 1T
6 Molicel ITHR18650C 2.05 2.00 4.20 No U - 1T
7 Panasonic NCR18650B 3.35 2.50 4.20 Yes U - 1T
8 Panasonic NCR18650E 2.25 2.00 4.20 Yes U - 1T
9 Panasonic NCR18650PF 2.70 2.50 4.20 Yes U - 1T
10 Panasonic UR18650RX 1.95 2.50 4.20 No U - 1T
11 Samsung ICR18650-22FM 2.20 3.00 4.20 Yes U - 1T
12 Samsung INR18650-25R 2.50 2.50 4.20 No u/C 6T/6R 1T
13 Samsung INR18650-30Q 3.00 2.50 4.20 No U - 1T
14 Samsung INR18650-35E 3.35 2.65 4.20 Yes u/C 6T/6R 1T
15 Sanyo UR18650E 2.05 2.75 4.20 Yes U - 1T
16 Sony US18650V2 2.10 2.50 4.20 Yes U - 1T
17 Sony US18650VTC4 2.10 2.50 4.20 Yes U - 1T
18 Sony US18650VTC5 2.55 2.50 4.20 Yes u/c 6T/6R -

Fig. 2. CT visualization of the four different cell types Molicel IHR18650A (column 1, a-c), Samsung INR18650-25R (column 2, d-f), Samsung INR18650-35E
(column 3, g-i) and Sony US18650 VTCS5 (column 4, j-1). These cell types are applied for SAE J2380 testing. Row a) depicts axial cross-sections with a side view on the
positive tab of each cell, row b) depicts radial cross-sections of the jelly roll and the mandrel while row c) depicts the spacer below the positive terminal of the cells. In
the case of Samsung 25R (d-f) the thin lines indicate the cross-sections, the blue line in d) therefore shows the position of the spacer, which is depicted in f). Similar
depictions are given for all investigated cell types in the supplementary material of the electronic version of this article. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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can, the spacers that keep the jelly roll in its place as well as the current
collector tabs and their welding to the can or the top cap. The spacers,
which pose a barrier between the jelly roll and the positive terminal for
isolation are depicted in the lower row of Fig. 2 (c,f,i,1). Again differ-
ences exist, e.g. a more rigid spacer in case of the Samsung INR18650-
25R in Fig. 2f, compared to the spacer of the Molicel IHR18650A in
Fig. 2c. Similar images such as in Fig. 2 are also given for the other cells
as supplementary material in the electronic version of this publication.

The motivation for testing the vibration durability of pre-aged cells is
based on three assumptions. At first, the cells are cycled in operation and
therefore throughout the lifetime of an electric vehicle. Hence, part of the
vibration has to be endured by cycled and aged cells. At second, lithium-
ion cells and their components can undergo significant changes in me-
chanical stability [40] and in the shape of the jelly roll windings in the
course of aging [36-39]. At third, in standardized testing, the cells are
usually tested at begin of life (BOL), therefore the knowledge regarding the
influence of vibrations on aged cells is limited. Exemplary radial cross-
sections of the jelly roll of pre-aged cells, which have been tested in this
study, are given in Fig. 3. All four cell types show jelly roll deformations,
most prominently in the Samsung INR18650-25R in Fig. 3b due to the
absence of an inner mandrel and an asymmetry caused by the cathode
current collector in the jelly roll. It is of high interest, if for example the
strong deformations in Fig. 3b due to the absence of a mandrel or the
combination of jelly roll deformations with a mandrel, e.g. in Fig. 3c can
be harmful. The aging was made only as preparation for the vibration test
and is not itself in focus. Therefore, aging relevant information, especially
the charge and discharge protocols, the SOH and the number of full cycles
are given in the Appendix in Table A.1.

2.3. Applied vibration test benches

Two different test benches are applied in this paper, which are both
depicted in Fig. 4.

The SAE J2380 testing is done with a TIRA S51140 311 N (RMS) force
exciter (TIRA GmbH, Germany) with a frequency range between 2 and

Fig. 3. Exemplary CT depictions of the jelly rolls of a) cycled Molicel
IHR18650A (MoliA T4), b) cycled Samsung INR18650-25R (Sam25R T4),
¢) cycled Samsung INR18650-35E (Sam35E T6), d) cycled Sony US18650VTC5
(SonyVTC5 T4). All cells show jelly roll deformations especially in case of the
Samsung INR18650-25R due to non-existing inner mandrel (specific cell names
given in brackets for reference to Table A.1).
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Fig. 4. Depiction of the two vibration test benches used in this study: a) test
bench for SAE J2380 testing with a 3D printed cell holder (green ABS). The
holder can be clamped in all three axes between two aluminum profiles with
control sensor hidden in the aluminum cylinder below the lower aluminum
profile and two reference sensors [1] and [2] on top of the module and on one
cell. Depicted is the axial orientation of the cells, which are used to apply the
vertical profiles of SAE J2380. Part b) shows the test bench for the upscaled
testing with cells glued on screws which are directly screwed into the shaker too
achieve maximum rigid connection as required for testing up to 2000 Hz. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

6500 Hz. The shaker is controlled by an eight-channel m+p vibPilot (m
+p international GmbH, Germany) and is driven by an amplifier
BAA 1000 (TIRA GmbH, Germany). The shaker is placed underneath a
self-made temperature-controlled safety chamber with a gas detection and
gas evacuation system. The shaker is extended into the chamber with a
membrane-sealed aluminum extension. In the middle of the aluminum
extension, the control sensor PCB 355M102 (PCB Piezotronics Inc., USA) is
lowered into the extension in the center of the shaker armature. The
PCB 355M102 has a sensitivity of 10 mV/g and a measurement range of
+ 500 g pk. The 12 cells are placed into a 3D-printed cell holder with steel
threaded rods to achieve rigidity. The 3D print material is acrylnitril-bu-
tadien-styrol (ABS). The cell holder itself is braced between two aluminum
profiles that are connected with rigid M10 threaded rods. The setup is
depicted in Fig. 4a. Vibration of the cells and the cell holder can be
measured with two lightweight accelerometers to ensure that the vibration
of the cells follows the defined profile and is not distorted by resonances or
other disturbances in the measurement setup. One of the reference ac-
celerometers is a PCB 352A73 (PCB Piezotronics Inc., USA) with a sensi-
tivity of 100 mV/g, a = 50 g pk measurement range and a weight of
0.8 grams ([1] in Fig. 4a). The other one is a PCB 352A24NC (PCB Pie-
zotronics Inc., USA) with a sensitivity of 5 mV/g, = 1000 g pk mea-
surement range and a weight of 0.3 grams ([2] in Fig. 4a). All SAE J2380
tests are performed at a controlled temperature of 25 °C.

This setup for SAE J2380 could be validated up to 200 Hz. This is
sufficient for SAE J2380, but insufficient for higher frequencies as required
for the upscaled profile. Therefore, another test bench, depicted in Fig. 4b,
is applied for the upscaled profile with an RMS SW-2-1240APP 10 kN
(RMS) shaker in a climate-controlled laboratory environment of approx.
23 °C and a usable frequency range of 5-3000 Hz. To achieve rigid con-
nection without any resonances in the fixture up to 2000 Hz, the cells are
glued with two-component adhesive (WEKEM Fluessigmetall) on M10
steel screws with a smoothed surface and a thin 3D-printed isolation layer
in between. The screws are directly screwed in the shaker armature thread
holes, which are usually used to attach a head extender. The shaker is
controlled by a triaxial PCB TLD339A36 (PCB Piezotronics Inc., USA) with
a sensitivity of 10 mV/g and + 500 g pk measurement range. These three
channels (Ch) are Ch 1, Ch 2 and Ch 3 in Fig. 4b with Ch 3 used as control
channel. The transmissibility to the cells is checked using the accel-
erometers PCB 352A25 (PCB Piezotronics Inc., USA) with a sensitivity of
2.5 mV/g, + 2000 g pk measurement range and a weight of 0.6 grams
(Ch 5 and Ch 6 in Fig. 4b). For some measurements, an additional single
axis accelerometer PCB 353B03 (PCB Piezotronics Inc., USA) with a
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sensitivity of 10 mV/g and a = 500 g pk measurement range is glued onto
the shaker armature (Ch 4 in Fig. 4b). This setup can be only used to apply
vibration in the axial direction in the case of a single axis shaker. This
orientation is chosen for the upscaled test, based on the literature. The
axial direction is the most severe according to [29]. In [22], the six cells
which were reported to show more than 200% rise in ohmic resistance R;
include two cells of each possible orientation which the cell can have in
the vehicle (two times Z:Z, two times Z:X, two times Z:Y according to the
nomenclature in [22]). Concluding these two studies, the chosen axial
orientation can be assumed as the worst case. Other orientations can be
investigated in follow-up studies.

2.4. Electrical and optical check-up procedures, measurement setups and
cell aging

Fig. 5 depicts the check-up procedures for a) SAE J2380 testing and
b) upscaled profile testing. The procedures differ because the tests have
been performed at different locations with different available equipment.

2.4.1. Electrical check-ups and electrical cell aging for the SAE J2380 tests

In the case of SAE J2380 testing, capacity checks with constant cur-
rent-constant voltage (CC-CV) discharge with a C-rate of 1C are applied.
Termination criteria are the lower cut-off voltage Uy, of the cells ac-
cording to Table 2 for the constant current (CC) phase and a C-rate cri-
terion of C/20 to terminate the constant voltage (CV) phase. After this
capacity check, the cell is charged to an SOC of 50% of the current ca-
pacity and allowed to relax for at least 24 h. The EIS results would be
otherwise influenced by long-term equalization effects [45]. After re-
laxation, EIS at the SOC of 50% is performed. Subsequently, part of the
cells is adjusted to SOC levels of 25% or 75% by CC charge or CC discharge
with ampere-hour (Ah) counting. This procedure is carried out prior to the
vibration tests and repeated after each 1/3 of the entire SAE J2380 profile
until 100% of the profile (approx. 93 h). The capacity checks and SOC
adjustments are performed with a BaSyTec Cell Test System (CTS) (Ba-
SyTec GmbH, Germany), the EIS measurements are done with a Bio-Logic
Potentiostat VMP3 (Bio-Logic Science Instruments, France) galvanostati-
cally in climate chambers with a controlled temperature of 25 °C. The
maximum measured frequency is 50 kHz or 500 kHz. The minimum fre-
quency is 10 mHz. The current amplitudes must be chosen with respect to
the cells and the SOH. For the new and uncycled cells, the amplitudes are

1C CCCV discharge
capacity, Subsequent charge
to 50% SOC (0.5C CC)

EIS measurement
@ current SOC

SOC adjustment after
120 h to 0% SOC
with EIS repetition

At least 24 hours of
relaxation

EIS measurement @ 50%
SOC

SOC adjustment if required
25% charge or discharge
(0.5C CC)

Vibration

1/4 (60 h) of upscaled vibration profile

I

Vibration

1/3 of SAE J2380 vibration profile =
in all three orientations

Fig. 5. Schematic flow-charts for testing according to a) SAE J2380 and b) up-
scaled load profile.
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Fig. 6. Exemplary EIS with the characteristic values for degradation identifi-
cation: the ohmic resistance R;, which represents the intersection with the real
axis and the charge transfer resistance Rcr, which represents the diameter of the
half circle.

50 mA in the case of the Molicel IHR18650A, 100 mA in the case of the
Sony US18650VTC5 and 150 mA in the case of the Samsung INR18650-
25R and the Samsung INR18650-35E. For the pre-cycled cells, an ampli-
tude of 50 mA is sufficient for all cells because of the increased impedance
due to the aging. The cycling of the pre-aged half of the cells is also
executed with the BaSyTec CTS (BaSyTec GmbH, Germany) at a controlled
temperature of 25 °C inside a climate chamber according to the protocols
given in Table A.1 in the Appendix.

2.4.2. Electrical check-ups for the upscaled tests

For the upscaled test, the procedure had to be simplified due to limited
available testing capacities. Therefore, capacity checks before and in be-
tween the vibration load profiles have been omitted because the current
state of scientific knowledge indicates that the value of the ohmic resistance
is the most sensitive indicator for vibration-caused cell failure [22,29]. The
EIS measurements at time steps of 60 h each and the SOC adjustment after
half of the entire test duration are done with a Bio-Logic VSP and VMP-3 20
Ampere boosters (Bio-Logic Science Instruments, France). The EIS mea-
surements have been performed galavanostatically with a current amplitude
of 100 mA for each cell and otherwise similar procedures as given for SAE
J2380. The tests are performed in a climate-controlled room of approx.
23 °C with a maximum variation of +2 °C. After the entire experiment has
been conducted according to Fig. 5b (Post-Vib), additional capacity checks
on the vibrated cells are done using a BaSyTec CTS (BaSyTec GmbH, Ger-
many) at 25 °C in a climate chamber. Capacity checks are performed with
the same procedure and termination criteria as introduced for the SAE
J2380 tests. These capacity tests have been additionally performed using
reference cells of the same age, taken from permanent storage. The results of
this comparison are given in the Appendix in Fig. A.3 because they are
outside of the initially planned procedure.

2.4.3. Evaluation of electrochemical impedance spectroscopy results

Fig. 6 presents the methodology to evaluate the EIS. The ohmic
resistance R; and the charge transfer resistance Ry are used according
to [46,47] for both tests. For the sake of simplicity, R; is defined as the
cross-section of the impedance curve with the real axis in the Nyquist
representation and Rcr is defined as the diameter of the half circle
extending from R; to the minimum which marks the transition to the
diffusion [46]. The value Ry therefore also includes impedance shares
due to passive layers on the surface of the electrodes. This simplifica-
tion is chosen for better and easier comparison.

Measuring the inductance (high frequency part of the EIS) of the
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Fig. 7. Results of the test bench validation, depicted are the five different combinations of cell orientation and load profile: a) - ¢) Vertical 1-3 of SAE J2380 for axial
load direction of the cell, d) Longitudinal profile of SAE J2380 for one radial direction (x) and e) Longitudinal profile of SAE J2380 for the other radial direction (y).

cells would be another interesting option, since the high-frequency
impedance is also significantly influenced by, e.g., the cell geometry
[48] or the tab positions [49]. Therefore, changes such as displace-
ments of the jelly roll, layer-to-layer displacements might become
visible as a change in the inductance of the cell and could therefore be
an interesting option for the detection of mechanical damages. Un-
fortunately measuring the inductance of a lithium-ion cell requires so-
phisticated measurement setups, since the inductivity of the measure-
ment cables can alter the results [50]. Therefore this parameter cannot
be taken into account in this study.

2.4.4. Computed tomography measurements

After the vibration tests are completed, every cell is post-checked
with a CT investigation for hidden failure or damage inside the cell. The
applied CT device is a GE phoenix nanotom s (General Electrics, USA)
with a maximum voltage of 180 kV and a maximum power of 15 kW.
Each cell has to be scanned twice due to constraints regarding the re-
solution. Therefore, the upper and the lower part are scanned sepa-
rately to achieve 3D measurements of sufficient quality. While pre- and
post-vibration CT investigation of all cells would be ideal for a detailed
comparison of any displacements or damages, this was not possible for
all cells due to limited availability of the CT.

The software myVGL 3.25 is used to investigate and analyze the CT
measurements. The software can be used to extract different views and
for example to measure distances in the recordings.

3. Results and discussion

In the following, the results of the performed experiments are given.
Section 3.1 presents the results of the test bench validation for SAE
J2380 testing and Section 3.2 gives the respective results according to
the electrical check-ups for the SAE J2380 tests. The Sections 3.3 and
3.4 provide the same for the upscaled tests. Section 3.5 discusses all the
results and recommendations with respect to the CT analysis.

3.1. Results of the test bench validation for SAE J2380 tests

For the SAE J2380 tests, the assumption is made that the cells are built
upright into the electric vehicle battery. Therefore, the axial direction of the
cell is equal to the vertical axis of the vehicle. This orientation is chosen
because it is the most usual as it offers the simplest design to connect cells in
serial and in parallel and to fit the respective modules into the floor of the
vehicle. Therefore, the vibration levels for the three profiles Vertical 1,
Vertical 2 and Vertical 3 according to SAE J2380 are applied to the cells in

an upright position as depicted in Fig. 4a. For the two longitudinal profiles,
the cell holder is turned respectively. It must be ensured that the cells un-
dergo the correct vibration level according to SAE J2380. Fig. 7 depicts
exemplarily the random profiles for the five possible combinations of load
profile and cell orientation. These are the vertical profiles 1-3 for the axial
orientation and the longitudinal profile for both radial orientations to ac-
count for vibrations along the tilting axis and the pitch axis of the vehicle. In
this case, the cell reference sensor (Ref cell) is placed on one of the Samsung
INR18650-35E cells. Good correlation of the measured signals from the
module (Ref module) and cell reference (Ref cell) accelerometers with the
applied control level (Control out) and the required load level (Set value)
according to SAE J2380 are visible. Therefore, the cell holder and the
complete measurement setup is sufficiently rigid in order to transfer the
vibration to each cell in the required frequency range.

3.2. Results of the SAE J2380 tests for new and cycled cells

The cells that underwent random vibrations according to SAE J2380
have been checked at four points in time: prior and post-test as well at
intermediate points of 1/3 and 2/3 fulfillment of the entire test dura-
tion. Fig. 8 depicts the results of the four check-ups (percentage of SAE
J2380 on the horizontal axis) in terms of CC-CV capacity C in the sub-
plots a), d), g), j), in terms of R; in the sub-plots b), e), h), k) and in
terms of Rcr in the sub-plots c) f) i) 1). Each row of sub-plots gives the
results for one of the four cell types, which have been introduced in
Fig. 2 and Table 2. Both uncycled (blue lines) and cycled cells (dark
gray lines) are plotted in the same figures using both test (solid lines)
and reference cells (scattered lines).

Most of the cells have been measured with four-point clamping
devices, whereas the uncycled reference cells (blue scattered lines) have
been connected with spot-welded Hilumin stripes. Therefore, the four-
point measurement of the welded cells shows an additional contact
resistance. This is the reason, why the uncycled reference cells tend to
have a higher internal resistance R;, e.g., in Fig. 8e and Fig. 8k. Some
formation processes for the new cells of the Samsung INR18650-35E
type are visible in Fig. 8i with decreasing Rcr. No differences between
respective test and reference cells can be observed. Therefore, no in-
fluence of vibrations according to SAE J2380 on both new and pre-aged
18650 cells of four different designs exist in this study. For a closer
look, the results are also given in tabular depiction in the Appendix in
Table A.2-Table A.4 for each of the three performance parameters,
ordered from worst to best.
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Fig. 8. Results (capacity C, R; and R¢y) of the SAE J2380 tests for all four cell types Molicel IHR18650 A in a) c), Samsung INR18650-25R in d)-f), Samsung
INR18650-35E in g)-i) and Sony US18650VTCS5 in j)-1) with cycled and uncycled cells. No significant differences between tested cells and reference cells is visible for

any cell type and any SOH.

3.3. Results of the test bench validation for upscaled tests

In this section, the vibration transmissibility of the screw connection
for the second setup according to Fig. 4b is validated. Fig. 9 depicts the
random upscaled profile (Set value) and the measured values at the
shaker itself (Control out), the positive terminal (Ch 5 — 18650 top) and
the can (Ch 6 — 18650 can) of the exemplary 18650 cell. The vibration
is transmitted reliably to the top of the 18650 cell with some perpen-
dicular movement of the cell can. The perpendicular movement is
visible in channel 6 (Ch 6). The PSD level of the perpendicular move-
ment is very low in comparison to the PSD level in excitation direction
and therefore a reproducible stress for the cell under test can be ex-
pected. Therefore the second test bench is validated for tests in the
required frequency range up to 2000 Hz.

3.4. Results of the upscaled tests for new cells

For the investigation according to the upscaled profile, ohmic re-
sistance R; and charge transfer resistance Rcr are depicted in Fig. 10 in
logarithmic scale. The broken line at 120 h is due to the change of the SOC
level at this point in time. Therefore, the values from 0-120 h and from
120-240 h shall be investigated separately. The results from Fig. 10 are
also given in the Appendix in Table A.5 and Table A.6. None of the cells
shows a rise in ohmic resistance R; in Fig. 10a. Small visible variations can
be explained by uncertainties regarding the ambient temperatures during
the check-ups. Charge transfer resistance R¢r in Fig. 10b shows stronger
variation, but still these variations can be attributed to temperature var-
iations or relaxation and homogenization effects, which are especially
slow at low SOC [45]. Not for each cell, the R¢r is depicted in Fig. 10b),
because the EIS is distorted for some cells at SOC of 0% and a reliable
determination of R¢y is difficult. Nevertheless, for these cells, the EIS itself
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Fig. 9. Validation of the second test bench for the upscaled profile. Two sensors
on one exemplary cell according to Fig. 4b are used to validate sufficient
transmissibility of the base excitation to the cell. A very good correlation exists
with only small exaltation close to 2000 Hz due to a resonance above 2000 Hz
in the vertical direction.

was checked in its entirety for homogeneity and none of the cells showed
significantly changed EIS from one check-up step to the next one because
of the vibration. Again, also for the upscaled profile, no negative influence
on the electrical performance of lithium-ion 18650 cell can be seen for
random automotive vibrations, no matter which cell manufacturer, type,
inner cell design or SOC level is investigated.

3.5. Results from post-vibration CT analysis

To understand the influence of the inner cell design, post-vibration CT
is applied and the results are given for SAE J2380 in Section 3.5.1 and for
the upscaled tests in Section 3.5.2. Section 3.5.3 discusses the results with
regard to a cell-to-cell comparison and Section 3.5.4 provides re-
commendations regarding cell choice if severe vibration is to be expected.

3.5.1. CT analysis of the SAE J2380 test cells

For the cells, which have been tested according to SAE J2380, no
signs or indications of any possible damage caused by the vibration are
visible in the CT images. In case of the cycled cells, even pre-vibration
CT recordings of the upper half of the cells are available and the cells
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have been checked for any displacement of the mandrel, the jelly roll or
deformations of the CID, as it was observed in [29]. The acceleration
profile of SAE J2380 has not caused any displacement, shifts or de-
formation in the case of the four investigated cell types.

3.5.2. CT analysis of the upscaled test cells

In the case of the upscaled testing, damaged current collector tabs at
the negative pole, similar to the findings in [29] occurred for two cells.
Fig. 11 shows the respective results. This has been achieved after a
much shorter testing time (240 h in comparison to approx. 120 days)
and for other cell types. In [29] the tested cell is a Molicel IHR18650A,
which is also included in this study. In the present publication, the
Molicel IHR18650A under test does not show any damage for both
tested vibration profiles. Instead, the failure mechanism of a damaged
current collector tab on the negative side can be observed for the
Samsung INR18650-35E and the Samsung ICR18650-22FM.

A common characteristic of these three cell types is an inner mandrel
inside the cell. In the case of the Samsung INR18650-35E, which has been
tested with the upscaled profile, the inner mandrel is completely loose
after vibration testing. This can be observed, because the mandrel falls
down to the lower tab, depending on which orientation the cell has in the
CT during CT examination. The imprints in the negative tab of both cells
well correlate with the diameters of each mandrel, as illustrated in Fig. 11.
In comparison, the six Samsung INR18650-35E, which have been tested
according to SAE J2380, both new and pre-cycled, did not show the same
failure mechanism, as mentioned in Section 3.5.1. This is probably because
of too low vibration excitation.

The damage to the tab and therefore the connection of the jelly roll
with the can did not cause increased resistance of the cell. This is as-
sumed to be due to the ultrasonic welding of the tab over a wide area,
visible as small black dots in Fig. 11a and Fig. 11b. In the case of a small
resistance welding spot in the center position, the cells might have
failed with a completely disconnected negative tab or an intermittent
contact and respectively increased impedance. An increased impedance
could also subsequently lead to thermal issues with respective safety
risks. In the depicted case in Fig. 11, the connectivity is still sufficiently
high. Therefore, concerning vibration durability, it is recommended to
avoid small spot-welding of the negative tab.
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Fig. 10. Values of a) the ohmic resistance R; and b) the charge transfer resistance R¢r for the two sections of different SOC levels during testing from 0-120 h and
from 120-240 h. The change of the SOC is the reason for the break at 120 h with a step in the resistance values.
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Fig. 11. Depictions of the negative tab of the a) Samsung INR18650-35E and b) Samsung ICR18650-22F together with respective cross-sections showing the top of
the inner mandrel in ¢) and d) The scattered black lines are in parallel for each cell and show the correlation of the hole or imprint in the negative cell and the
diameter of the moving mandrel. Cross-section depictions in c¢) and d) are made on the tip of the mandrel most closely to the respective tab.

3.5.3. Implications of the inner cell design by cell-to-cell comparison

In the following, a detailed look into the importance of the inner cell
design on vibration durability is given by a cell-to-cell comparison with
respect to the fitting of the inner mandrel.

The Samsung ICR18650-22FM is the successor of the Samsung
ICR18650-22F, which has been tested by Hooper et al. in [22]. Three of
these cells are introduced exemplarily in Table 1 in the Introduction in
Section 1 with strong degradation, becoming visible as increased ohmic
resistance R;. This degradation in [22], would fit well to the failure me-
chanism of a tab failure caused by the mandrel, as it is described and
shown in this work. It is therefore interesting to compare the two cells
Samsung ICR18650-22FM and Samsung ICR18650-22F with each other.
Fig. 12 depicts this comparison. Only two Samsung ICR18650-22F cells
were available, because this cell type is already discontinued. These two
cells could not be used for the present experiments, because they have
been tested in other vibration experiments in the past and were hence
already pre-stressed. Nevertheless, they can be used for comparison by CT.
CT analysis of both 22F and 22FM cells reveals a different inner mandrel
as the most significant change in the cell. The mandrel of the 22FM has a
greater diameter compared with the 22F cell.

Both cells have similar ultrasonic welding areas for the negative tab
at the bottom of the can. All investigations in this work are based on the
available cells. The cells have the same type designation (ICR18650-
22F) and are of similar color as the Samsung ICR18650-22F in Fig. 1
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from Hooper et al. [22]. Nevertheless, a possibility remains, that the
cells are not completely identical in terms of their inner design.

If an established cell manufacturer changes the diameter of the man-
drel in the course of the evolution of a cell type, this could be motivated by
a mechanical weakness in the initial design. Therefore, a detailed look at
the different mandrel diameters and their incorporation into the different
cells is given. All cells in this paper with an inner mandrel, which have
been tested with the upscaled load profile are analyzed regarding the outer
diameter of the mandrel dpjgngres and the inner diameter of the jelly roll
djR inner- The inner diameter of the jelly roll has been measured three times
in different orientations, using the CT recordings and the software myVGL
3.25, and subsequently averaged according to Eq. (1).

3
1
dJR,inner == Z d]R,inner,i
= @

This is done to obtain reliable results for dg inner, Since the jelly rolls
do not have a perfect circular shape because of, e.g., current collector
tabs and the spiral winding.

The ratio r4 of the two diameters is calculated according to Eq. (2).

_ dMandrel
g=—

(2)

d]R,inner

A low ratio ry means that the mandrel has more space and therefore
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Fig. 12. Comparison of the Samsung ICR18650-22F depicted in a) and c), which has been tested in [22] and its successor Samsung ICR18650-22FM depicted in b)

and d), which is tested in this work with the differences in mandrel diameter (Distance 2 = cell diameter, Distance 1 = mandrel diameter at the top, Distance
3 = mandrel diameter).

|

Mandrel diameters dpgnare and inner jelly roll diameters dg inner With the ratio ry according to Eq. (2). The cells, which showed the possible failure mechanism of a
damaged anode tab due to a moving mandrel, are the cells with the lowest ratio of the two diameters.

Cell type ID Manufact. Cell type dptandret/ dyR inner/ rq Observations
mm mm
CT14 Samsung INR18650-35E 1.98 3.40 0.58 Damaged anode tabs in this work
CT11 Samsung ICR18650-22FM 2.97 4.65 0.64 Damaged anode tabs in this work
CT5 Molicel THR18650A 3.05 4.61 0.66 Damaged anode tabs in [29]
CT9 Panasonic NCR18650PF 2.47 3.65 0.68 No damage
CT8 Panasonic NCR18650E 2.47 3.56 0.69 No damage
CT7 Panasonic NCR18650B 2.47 3.50 0.71 No damage
CT15 Sanyo UR18650E 2.84 4.00 0.71 No damage
CT16 Sony US18650V2 2.79 3.83 0.73 No damage
CT17 Sony US18650VTC4 2.78 3.79 0.73 No damage
CT1 A123 APR18650M1A 3.27 4.00 0.82 No damage

a higher potential to move and cause damage. The results of the cell-to-
cell comparison are given in Table 3 in ascending order of the ratio rg.
The two cell types Samsung INR18650-35E and Samsung ICR18650-
22FM show damage to the tab of the negative electrode due to a moving
mandrel. These cell types are the cells with the lowest ratios r4 of 0.58
and 0.64. The Molicel IHR18650A, which shows the same failure me-
chanism in [29], is third in the list with a diameter ratio r4 of 0.66. The
available Samsung ICR18650-22F and hence the cell type tested by
Hooper et al. [22], has an even lower ratio with an rg of 0.55
(dMundrel =251 mm, dJR,irmer =46 ITlITl)

All cells which are found to cause a rise of ohmic resistance and / or
a damaged anode tab are the cells with the lowest ratio ry. Therefore,
with respect to vibration durability, a low ratio ry shall be avoided. The
effect of the revealed failure mechanism would be a rise in ohmic re-
sistance or an intermittent contact in case of insufficient welding. This
fits well with the observed degradation in [22] with increased ohmic
resistance and strong cell-to-cell variation of this resistance (38.09%-
257.82% [22]). The two Samsung ICR18650-22F, tested for vibration
durability by our group, but out of the scope of this publication with
other load conditions, have been checked using CT, EIS and capacity.
No degradation for EIS or capacity occurred. In contrast, the CT
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depiction in the Appendix in Fig. A.4 shows a significantly damaged
anode current collector tab, where one-half of the tab is nearly dis-
connected from the other half. This gives a strong optical visualization
of possible harmful effects if the ratio of mandrel diameter and inner
jelly roll diameter is chosen too small. At the same time, the depiction
of the jelly roll inner diameter (red circle), reveals that the mandrel
cannot reach the complete welding area. This means that the reason for
the increased resistance in [22] cannot be completely clarified yet.
Nevertheless, in summary, it can be stated that the fitting of the mandrel
in the jelly roll and the respective diameter ratio is critical for the failure
mechanism of negative tab damage due to a moving mandrel. The second
critical design aspect is the welding area of the respective tab, since a bigger
welding area can cause the cell to be still functional, while the cell tabs are
partly damaged. There seems to be also a certain threshold in terms of e.g.
vibration amplitude or duration, above which the respective failure me-
chanisms can happen, since the imprints or cut-outs were not visible in the
Samsung INR 35-E, which have been tested with the less severe load profile
SAE J2380. The exact conditions under which the respective failure me-
chanisms occur can be investigated in future studies which higher numbers
of similar cells and varying load conditions. Possible risks arising from the
observed failure mechanism are discussed in the next Section 3.5.4.
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3.5.4. Assessment of possible risks for safety and reliability and
corresponding measures

The vibration durability of lithium-ion 18650 cells is investigated
with two different vibration profiles in this work. The tests according to
SAE J2380 revealed no harmful or severe impact of vibration on the
tested cells. The failure mechanism of tab damage due to a moving
mandrel and its correlation to the mandrel-jelly roll-diameter ratio is
revealed in this work by application of the upscaled profile, which has
shown to be useful to reveal critical design aspects. This failure can
occur if the mandrel has too much space and is insufficiently con-
strained and if the welding area of the negative tab is not large enough.
This failure mechanism can cause failure modes such as “open” (high
ohmic), “intermittent” or “short” (low ohmic) depending on the re-
spective occurring effects. This is discussed in more detail in the fol-
lowing paragraphs.

The first possible effect of this failure is a high ohmic disconnection
or intermittent contact. This reduces the reliability on cell level without
being safety-critical. It can also have effects on pack level if one or
several cells have this failure.

The effects of such a failure on a battery pack level depend on the pack
configuration, for example the serial and parallel connection. If not han-
dled properly, it can significantly reduce pack performance, e.g. in a serial
connection, since the cell with the poorest condition determines the per-
formance of the pack [51]. In parallel connection, it can cause negative
effects due to cell inconsistency with respective problems, e.g., an in-
homogeneous current distribution or thermal distribution [52,53].

Another effect of tab cuts due to a moving mandrel is the possible
creation of small conductive particles inside the cell, which can cause
an internal short circuit. In the case of an upright cell with the positive
pole up above and the negative pole at the bottom, the risk might be
negligible, because the particles would have to move upwards and cross
the spacer and the supernatant separator layers. Inversely, if the cell is
mounted the other way around and the mandrel still causes the same
damage, small particles might find their way in between the jelly roll
layers. Still, the separator layers and the spacers pose a barrier, but a
valid statement about the probability of this event cannot be given
without further investigation. There are also possible applications, as
e.g. power tools, for which the tool and its battery pack is used in wide
variety of orientations.

The applied upscaled vibration profile is more severe than what is
assumed or expected for a realistic automotive environment. At the
same time, it is obvious that in other applications, e.g., for rough off-
road conditions, power tools or others, higher vibration levels can
occur, compared to conventional road vehicles. In such a case, the inner
cell design, as well as the orientation of the cell, have to be considered
to ensure reliability and safety. According to the findings in this work, a
choice of a cell with stable and rigid spacers and without an inner
mandrel is beneficial for the safety of the lithium-ion battery with re-
gard to vibration durability. If a mandrel is required for any reason, e.g.
to avoid strong jelly roll deformation in the course of cyclic aging, care
should be taken to ensure a low ratio r4 for sufficient fixation of the
mandrel. In addition, wide area ultrasonic welding of the negative tab
to the can is favorable in contrast to resistance spot-welding.

4. Conclusion

In this work, the impact of random vibration, which can occur for
example in automotive applications, is investigated using a wide range of
18650 cells under test. 18 different cell types were investigated with CT
regarding their inner cell design parameters. These are, for example, the
existence and design of the inner mandrel or the design of the spacers
between the jelly roll endings and the respective cell tabs. Two different
vibration profiles are used. Tests according to SAE J2380, which shall be
representative of 100,000 miles of driving, did not reveal any damages. In
contrast, tests with an upscaled profile revealed inner damage to the ne-
gative tabs in two cell types because of a loose and moving mandrel. This
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mandrel caused imprints and cutouts on the negative tab. Because of ul-
trasonic welding of the tab to the cell can with a sufficiently large welding
area, the cells were still fully functional without electrical degradation.

The results show that for possible current or future applications with
more severe vibration environment, the inner cell design of the cell and
the orientation of the cell shall be considered. While the inner mandrel
can be helpful to prevent significant jelly roll deformation due to the
cyclic aging, it seems to be at the same time the riskiest component
inside an 18650 cell in the case of vibration loading. Resulting cutouts
can cause conductive particles, which can increase the risk of an in-
ternal short circuit due to particle decontamination. If the inner cell
design is taken into account with respect to the expected vibration load
during the application, 18650 cells from qualified manufacturers of the
current state-of-the art are likely to endure the expected vibration. The
choice of cells, which have been proven beforehand, as very durable
against severe vibration, for the construction of a battery pack, elim-
inates certain risks for critical failures, such as an internal short circuit,
during pack testing or application. This is of high importance due to the
high damage resulting from a pack failure. Vibrations from automotive
applications. While the vibration severity in automotive applications is
of little harm for the investigated 18650 lithium-ion cells, the sensi-
tivity of vibration durability to the inner cell design, can become very
important in the future, with respect to other more severe applications,
such as military, helicopters, off-road vehicles, agricultural and con-
struction vehicles, or cordless tools.

Future research should investigate if the contamination due to tab
cutouts is likely to cause any safety critical situation and under which
circumstances, e.g. varying cell orientations, these situations occur. The
studies should be repeated with a higher number of cells with the re-
spective designs to derive dependencies such as to the vibration am-
plitude in more details. It is furthermore of high interest to investigate
the vibration durability on pack level and to evaluate the transferability
of the given results.
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Appendix

Fig. A.1, Fig. A.2
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Fig. A.1. Locations of the cathode tabs inside the different cells, cells with a gray background are cells without inner mandrel, cells with a blue background have an
inner mandrel.
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Fig. A.2. Locations of the anode tabs inside the different cells, cells with a gray background are cells without inner mandrel, cells with a blue background have an
inner mandrel. Several cells exhibit two anode tabs. In this case, there is always one in the center of the cell and one at the can.
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Fig. A.3. Comparison of the CC-CV capacity C of the cells vibrated with the upscaled profile and two reference cells of each type, which have been kept in permanent
storage throughout the tests. The cell type ID on the horizontal axis refers to Table 2.
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Fig. A.4. Depiction of a Samsung ICR18650-22F, tested in another test with another load showing significant degradation of the current collector tab for the negative
electrode. Nevertheless, the cell is still functioning due to the remaining welding spots. The white circle marks the inner diameter of the jelly roll and therefore the
possible space for the mandrel to move.

Table A.1

Overview of the pre-cycled cells and the respective charge and discharge protocols, the number of cycles (Check-ups neglected), remaining capacity C from post-
aging check-up and the nominal state of health SOH,,,, in relation to the nominal capacity C,,m (cells with an * have been cycled with half of the current for both
charge and discharge in the first 382 cycles, then the current was increased to the mentioned values to increase the speed of aging). The aging took place in a climate
chamber with a controlled temperature of 25 °C.

Cell Charge protocol Discharge protocol Cycles C /Ah SOHpom /%

MoliA T4 0.5C CC / 4.2V CV (C/ 1C CC / 3V CV (C/10) 497 1.60 82.2
10)

MoliA R4 0.5C CC / 4.2V CV (C/ 1C CC / 3V CV (C/10) 281 1.65 84.6
10)

MoliA R5 0.5C CC / 4.2V CV (C/ 1C CC / 3V CV (C/10) 402 1.64 84.2
10)

MoliA T5 0.5C CC / 4.2V CV (C/ 1C CC / 3V CV (C/10) 423 1.64 84.1
10)

MoliA T6 0.5C CC / 4.2V CV (C/ 1C CC / 3V CV (C/10) 512 1.59 81.3
10)

MoliA R6 0.5C CC / 4.2V CV (C/ 1C CC / 3V CV (C/10) 556 1.58 81.2
10)

Sam25R T4 1C CC / 4.2V CV (C/10) 2C CC/ 2.5V CV (C/10) 323 1.87 74.6

Sam25R R4 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 325 1.94 77.7

Sam25R T5 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 326 1.94 77.4

Sam25R T6 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 325 1.95 78.1

Sam25R R5 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 325 1.95 78.1

Sam25R R6 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 325 1.93 77.2

Sam35E T4 0.5C CC / 4.2V CV (C/ 1C CC / 2.65V CV (C/ 164 2.84 84.8
10) 10)

Sam35E T5 0.5C CC / 4.2V CV (C/ 1C CC / 2.65V CV (C/ 155 2.61 78.0
10) 10)

Sam35E T6 0.5C CC / 4.2V CV (C/ 1C CC / 2.65V CV (C/ 155 2.63 78.4
10) 10)

Sam35E R4 0.5C CC / 4.2V CV (C/ 1C CC/ 2.65V CV (C/ 154 2.72 81.2
10) 10)

Sam35E R5 0.5C CC / 4.2V CV (C/ 1C CC / 2.65V CV (C/ 176 2.83 84.6
10) 10)

Sam35E R6 0.5C CC / 4.2V CV (C/ 1C CC / 2.65V CV (C/ 155 2.64 78.8
10) 10)

SonyVTC5 T4* 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 969 2.16 84.8

SonyVTC5 R4* 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 969 2.16 84.6

SonyVTC5 T5* 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 969 2.17 85.0

SonyVTC5 R5* 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 968 2.17 85.1

SonyVTC5 T6* 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 964 2.16 84.6

SonyVTC5 R6* 1C CC / 4.2V CV (C/10) 2C CC / 2.5V CV (C/10) 963 2.16 84.6
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Table A.2
Evolution of ohmic resistance values at each check-up step for SAE J2380 testing, ordered according to the change of the ohmic resistance AR;. No significant
difference in reference cells (R) and test cells (T) can be observed.

Cell ID Status Purp. SOC/% R; (0%)/mQ R; (33%)/mQ R; (66%)/mQ R; (100%)/mQ ARy/%
Sam25R R2 Uncycled Ref 50 14.19 14.62 14.80 14.79 4.24%
SonyVTC5 T4 Cycled Test 50 13.67 13.88 13.61 13.96 2.11%
SonyVTC5 T6 Cycled Test 50 13.58 13.79 13.51 13.83 1.88%
MoliA R1 Uncycled Ref 25 74.11 74.85 75.19 75.27 1.57%
Sam25R T2 Uncycled Test 50 13.26 13.33 13.40 13.44 1.39%
Sam35E R1 Uncycled Ref 25 23.35 23.45 23.61 23.64 1.26%
Sam35E T1 Uncycled Test 25 22.27 22.52 22.63 22.55 1.23%
MoliA T1 Uncycled Test 25 72.91 73.51 73.77 73.79 1.20%
Sam35E T2 Uncycled Test 50 21.60 21.68 21.78 21.84 1.09%
Sam25R T5 Cycled Test 50 15.08 15.17 14.93 15.24 1.09%
Sam35E R5 Cycled Ref 50 22.96 23.11 23.06 23.20 1.02%
MoliA R3 Uncycled Ref 75 72.40 72.71 72.96 73.14 1.02%
Sam35E R3 Uncycled Ref 75 22.99 23.11 23.18 23.22 0.98%
MoliA T2 Uncycled Test 50 70.40 70.69 70.84 71.04 0.91%
Sam35E T5 Cycled Test 50 23.99 24.11 24.09 24.21 0.90%
Sam35E T3 Uncycled Test 75 21.67 21.73 21.83 21.85 0.86%
MoliA R2 Uncycled Ref 50 74.05 74.41 74.53 74.61 0.77%
SonyVTC5 R3 Uncycled Ref 75 14.40 14.43 14.51 14.50 0.73%
Sam35E R6 Cycled Ref 50 24.06 24.19 24.28 24.22 0.69%
Sam25R R3 Uncycled Ref 75 14.29 14.26 14.38 14.39 0.69%
MoliA R5 Cycled Ref 50 81.55 81.96 81.40 81.93 0.47%
SonyVTC5 R4 Cycled Ref 50 13.65 13.84 13.86 13.71 0.46%
MoliA R4 Cycled Ref 50 80.01 79.86 80.29 80.38 0.46%
Sam35E T6 Cycled Test 50 23.90 23.95 24.02 23.99 0.38%
Sam25R T1 Uncycled Test 25 13.03 13.08 13.13 13.07 0.36%
SonyVTC5 R6 Cycled Ref 50 13.52 13.44 13.47 13.57 0.32%
Sam35E T4 Cycled Test 50 23.34 23.33 23.31 23.40 0.27%
SonyVTC5 R5 Cycled Ref 50 13.73 13.56 13.65 13.76 0.22%
Sam25R R4 Cycled Ref 50 15.27 15.20 15.23 15.30 0.17%
MoliA T5 Cycled Test 50 81.69 81.70 81.80 81.82 0.16%
SonyVTC5 R1 Uncycled Ref 25 13.56 13.55 13.54 13.58 0.15%
MoliA R6 Cycled Ref 50 80.72 80.65 80.79 80.78 0.08%
MoliA T6 Cycled Test 50 81.21 81.24 81.32 81.25 0.05%
MoliA T3 Uncycled Test 75 71.62 71.15 71.42 71.63 0.01%
MoliA T4 Cycled Test 50 80.23 80.34 80.54 80.23 0.00%
Sam35E R4 Cycled Ref 50 23.91 23.79 23.83 23.91 -0.02%
Sam25R T6 Cycled Test 50 15.21 15.09 15.08 15.20 -0.08%
Sam25R T3 Uncycled Test 75 13.24 13.10 13.16 13.19 -0.34%
Sam35E R2 Uncycled Ref 50 23.14 23.11 23.08 23.06 -0.35%
Sam25R R1 Uncycled Ref 25 14.06 14.04 14.02 14.01 -0.36%
Sam25R R6 Cycled Ref 50 15.43 15.36 15.27 15.38 -0.37%
SonyVTC5 T2 Uncycled Test 50 12.43 12.42 12.40 12.37 -0.46%
SonyVTC5 T5 Cycled Test 50 13.70 13.52 13.51 13.57 -0.93%
SonyVTC5 R2 Uncycled Ref 50 13.49 13.45 13.38 13.36 -0.95%
Sam25R R5 Cycled Ref 50 14.95 14.93 14.88 14.79 -1.08%
Sam25R T4 Cycled Test 50 15.84 15.72 15.82 15.65 -1.20%
SonyVTC5 T1 Uncycled Test 25 12.49 12.34 12.31 12.28 -1.69%
SonyVTC5 T3 Uncycled Test 75 12.52 12.39 12.35 12.27 -2.01%
Table A.3

Evolution of R¢y values at each check-up step for SAE J2380 testing, ordered according to the change of the charge transfer resistance ARcy. No significant difference
in reference cells (R) and test cells (T) can be observed. Fresh uncycled Samsung 35 cells and Sony VTC 5 cells show some kind of formation process with decreasing
Rcr throughout the first cycles, no matter if they have been vibration test cells or reference cells.

Cell ID Status Purp. SOC/% Rer (0%)/mQ Rer (33%)/mQ Rer (66%)/mQ Rer (100%)/mE ARcr/%
Sam25R R2 Uncycled Ref 50 4.56 5.00 4.91 5.14 12.77%
MoliA R1 Uncycled Ref 25 23.72 25.56 25.74 26.09 10.00%
Sam35E R5 Cycled Ref 50 7.62 7.92 8.19 8.29 8.76%
Sam25R T4 Cycled Test 50 35.42 36.18 36.90 37.42 5.64%
Sam25R T3 Uncycled Test 75 3.91 3.94 4.06 4.08 4.50%
Sam25R R5 Cycled Ref 50 32.11 32.90 32.51 33.12 3.14%
Sam25R R6 Cycled Ref 50 33.04 33.90 33.54 34.05 3.05%
Sam25R R4 Cycled Ref 50 31.48 32.02 31.97 32.19 2.25%
Sam25R T6 Cycled Test 50 32.61 33.06 33.18 33.33 2.20%
MoliA R2 Uncycled Ref 50 26.61 27.22 27.14 27.17 2.11%
Sam35E T4 Cycled Test 50 7.41 8.33 7.53 7.56 2.00%
SonyVTC5 T5 Cycled Test 50 35.18 36.50 35.48 35.76 1.66%
SonyVTC5 R5 Cycled Ref 50 35.18 36.49 35.25 35.64 1.32%
MoliA T1 Uncycled Test 25 26.55 26.17 26.57 26.88 1.23%
Sam25R T5 Cycled Test 50 33.14 33.82 33.67 33.54 1.23%
SonyVTC5 R4 Cycled Ref 50 36.38 39.50 36.41 36.61 0.63%

(continued on next page)
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Table A.3 (continued)

Cell ID Status Purp. SOC/% Rcr (0%)/mQ Rer (33%)/mQ Rer (66%)/mQ Rer (100%)/mE2 ARcr/%
Sam35E R6 Cycled Ref 50 7.47 7.24 6.85 7.52 0.59%
MoliA R6 Cycled Ref 50 64.35 66.04 65.14 64.51 0.25%
Sam25R R3 Uncycled Ref 75 4.15 4.16 4.12 4.15 0.05%
SonyVTC5 T4 Cycled Test 50 39.10 40.31 39.21 39.11 0.04%
MoliA T6 Cycled Test 50 55.48 56.76 55.57 55.49 0.01%
SonyVTC5 R6 Cycled Ref 50 34.89 35.30 35.06 34.82 -0.21%
MoliA R3 Uncycled Ref 75 26.88 26.95 26.38 26.83 -0.21%
SonyVTC5 T6 Cycled Test 50 35.58 35.84 35.66 35.49 -0.25%
MoliA T4 Cycled Test 50 61.44 62.10 61.15 61.11 -0.55%
Sam35E R4 Cycled Ref 50 6.58 6.99 6.73 6.54 -0.62%
Sam35E T6 Cycled Test 50 6.67 7.18 6.61 6.63 -0.64%
Sam25R T2 Uncycled Test 50 5.14 4.93 5.04 5.09 -0.87%
MoliA T5 Cycled Test 50 74.81 75.87 74.66 74.02 -1.06%
MoliA R4 Cycled Ref 50 58.42 59.04 58.39 57.73 -1.18%
MoliA R5 Cycled Ref 50 81.46 81.58 80.59 79.62 -2.25%
MoliA T2 Uncycled Test 50 24.61 24.03 24.00 24.03 -2.34%
MoliA T3 Uncycled Test 75 24.49 23.59 23.55 23.63 -3.49%
Sam25R T1 Uncycled Test 25 4.18 3.93 3.92 3.96 -5.22%
Sam25R R1 Uncycled Ref 25 4.31 4.12 4.11 4.08 -5.31%
Sam35E T5 Cycled Test 50 7.02 6.85 6.83 6.58 -6.23%
SonyVTC5 T2 Uncycled Test 50 8.73 8.08 8.00 7.90 -9.53%
SonyVTC5 T3 Uncycled Test 75 8.83 8.31 7.99 7.82 -11.44%
SonyVTC5 R3 Uncycled Ref 75 8.65 7.86 7.66 7.65 -11.57%
SonyVTC5 T1 Uncycled Test 25 8.43 8.01 7.93 7.42 -11.94%
SonyVTC5 R2 Uncycled Ref 50 8.87 8.19 8.06 7.80 -12.07%
SonyVTC5 R1 Uncycled Ref 25 8.80 7.82 7.54 7.23 -17.80%
Sam35E T3 Uncycled Test 75 10.54 8.97 8.40 8.21 -22.14%
Sam35E T2 Uncycled Test 50 10.48 8.82 8.26 8.05 -23.15%
Sam35E R2 Uncycled Ref 50 11.84 9.55 8.94 8.53 -27.96%
Sam35E T1 Uncycled Test 25 10.58 8.40 7.98 7.53 -28.79%
Sam35E R3 Uncycled Ref 75 11.33 9.22 8.75 7.96 -29.76%
Sam35E R1 Uncycled Ref 25 10.95 8.63 7.46 6.94 -36.63%
Table A.4

Evolution of CC-CV-capacity (C) values at each check-up step for SAE J2380 testing, ordered according to the capacity change AC. Test cells (T) show similar or even
better capacity values then the reference cells ®. This indicates little criticality of the applied vibration stress.

Cell ID Status Purp. SOC/% C (0%)/Ah C (33%)/Ah C (66%)/Ah C (100%)/Ah AC/%

Sam25R R2 Uncycled Ref 50 2.52 2.46 2.44 2.42 -4.21%
Sam25R T3 Uncycled Test 75 2.54 2.50 2.49 2.48 —2.58%
Sam25R R3 Uncycled Ref 75 2.53 2.49 2.48 2.47 —2.08%
Sam35E R3 Uncycled Ref 75 3.28 3.22 3.21 3.22 —2.03%
Sam35E T4 Cycled Test 50 2.84 2.82 2.80 2.80 -1.51%
Sam35E R2 Uncycled Ref 50 3.27 3.24 3.23 3.23 —1.39%
Sam25R T2 Uncycled Test 50 2.52 2.50 2.49 2.49 —1.24%
Sam35E T3 Uncycled Test 75 3.25 3.22 3.22 3.22 —1.08%
Sam35E R6 Cycled Ref 50 2.64 2.63 2.62 2.61 —1.04%
SonyVTC5 T3 Uncycled Test 75 2.50 2.48 2.47 2.47 —0.99%
Sam25R T4 Cycled Test 50 1.87 1.86 1.86 1.85 —0.90%
Sam35E R5 Cycled Ref 50 2.83 2.82 2.81 2.81 —0.87%
MoliA R1 Uncycled Ref 25 1.97 1.95 1.96 1.96 —0.73%
Sam25R T6 Cycled Test 50 1.95 1.95 1.95 1.94 —0.68%
Sam25R T5 Cycled Test 50 1.94 1.93 1.93 1.92 —0.67%
Sam25R R5 Cycled Ref 50 1.95 1.95 1.95 1.94 —0.67%
Sam25R R1 Uncycled Ref 25 2.53 2.52 2.52 2.51 —0.66%
Sam25R R6 Cycled Ref 50 1.93 1.93 1.92 1.92 —0.66%
MoliA T6 Cycled Test 50 1.59 1.58 1.58 1.57 —0.66%
Sam25R R4 Cycled Ref 50 1.94 1.94 1.94 1.93 —0.66%
MoliA R4 Cycled Ref 50 1.65 1.65 1.64 1.64 —0.64%
MoliA R6 Cycled Ref 50 1.58 1.58 1.58 1.57 —0.61%
MoliA T4 Cycled Test 50 1.60 1.60 1.60 1.59 —0.59%
MoliA R2 Uncycled Ref 50 1.97 1.97 1.97 1.96 —0.54%
SonyVTC5 R3 Uncycled Ref 75 2.49 2.48 2.48 2.47 —0.51%
SonyVTCS R4 Cycled Ref 50 2.16 2.15 2.15 2.15 —0.51%
SonyVTC5 T4 Cycled Test 50 2.16 2.16 2.16 2.15 —0.48%
SonyVTC5 T5 Cycled Test 50 217 2.16 2.16 2.16 —0.48%
SonyVTC5 R5 Cycled Ref 50 2.17 2.16 2.16 2.16 —0.46%
SonyVTC5 T6 Cycled Test 50 2.16 2.15 2.15 2.15 —0.43%
Sam35E T6 Cycled Test 50 2.63 2.62 2.62 2.62 —0.39%
MoliA R5 Cycled Ref 50 1.64 1.64 1.64 1.64 —0.37%
SonyVTC5 R6 Cycled Ref 50 2.16 2.15 2.15 2.15 —0.36%
Sam35E R4 Cycled Ref 50 2.72 2.72 2.71 2.71 —0.33%
Sam35E R1 Uncycled Ref 25 3.33 3.33 3.32 3.32 —0.30%

(continued on next page)
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Table A.4 (continued)

Cell ID Status Purp. SOC/% C (0%)/Ah C (33%)/Ah C (66%)/Ah C (100%)/Ah AC/%
MoliA T5 Cycled Test 50 1.64 1.64 1.64 1.63 —0.30%
SonyVTC5 R2 Uncycled Ref 50 2.51 2.50 2.50 2.50 —0.28%
MoliA R3 Uncycled Ref 75 1.95 1.95 1.95 1.95 —0.26%
SonyVTC5 R1 Uncycled Ref 25 2.50 2.50 2.50 2.50 —0.20%
Sam25R T1 Uncycled Test 25 2.51 2.52 2.52 2.51 —0.13%
Sam35E T5 Cycled Test 50 2.61 2.61 2.61 2.61 —-0.11%
SonyVTC5 T2 Uncycled Test 50 2.51 2.51 2.51 2.50 —0.10%
Sam35E T2 Uncycled Test 50 3.24 3.25 3.26 3.25 0.10%
SonyVTC5 T1 Uncycled Test 25 2.49 2.50 2.50 2.50 0.12%
Sam35E T1 Uncycled Test 25 3.32 3.33 3.33 3.33 0.14%
MoliA T3 Uncycled Test 75 1.96 1.97 1.96 1.96 0.25%
MoliA T2 Uncycled Test 50 1.93 1.95 1.94 1.94 0.43%
MoliA T1 Uncycled Test 25 1.92 1.94 1.94 1.93 0.61%
Table A.5

Values of ohmic resistance R; throughout the upscaled testing. Superscript * indicates tests at higher SOC, Superscript ? indicates tests at 0% SOC. The presented
values are equal to the results depicted in Fig. 10.

Cell ID R; (Oh)/ R; (60 h)/ R; (120 h)/ R; (120 h)/ R; (180 h)/ R; (240 h)/
mQ! mQ? mQ? mQ? mQ? mQ?
A123 18650M1A 15.34 15.52 15.30 15.31 15.06 15.19
LG 18650HE2 13.62 13.81 13.63 13.77 13.86 13.87
LG 18650HG2 14.01 14.02 14.15 13.78 13.71 13.66
LG INR18650-MJ1 34.40 34.47 34.47 30.97 31.09 31.09
Molicel IHR18650A 76.98 77.43 77.47 70.79 70.64 71.11
Molicel IHR18650C 15.42 15.57 15.65 14.00 13.90 14.19
Pan NCR18650B 39.17 39.44 38.67 34.72 34.87 34.84
Pan NCR18650E 19.37 19.39 19.37 19.23 19.14 19.19
Pan NCR18650PF 21.53 21.60 21.58 20.36 20.55 20.50
Pan UR18650RX 11.96 11.97 11.98 12.03 11.94 11.96
Samsung ICR18650-22FM 46.13 46.02 46.15 44.69 44.68 44.57
Samsung INR18650-25R 13.18 13.27 13.17 12.93 12.83 12.83
Samsung INR18650-30Q 13.26 13.37 13.49 12.74 12.85 12.84
Samsung INR18650-35E 23.15 23.17 23.11 22.07 21.90 22.04
Sanyo UR18650E 29.30 29.42 29.38 29.49 29.39 29.49
Sony US18650V2 30.89 30.87 30.89 30.78 30.76 30.87
Sony US18650VTC4 11.86 11.90 11.81 11.71 11.69 11.81
Table A.6

Values of charge transfer resistance R¢y throughout the upscaled testing. Superscript ! indicates tests at higher SOC, Superscript 2 indicates tests at 0% SOC. The latter
three columns do not contain any values for a few cells, because at 0% SOC the shape of the EIS changes in such a manner that no reliable singular value for the Rcr
can be obtained. The shape of the EIS showed no significant change and therefore no damage is assumed.

Cell ID Rer (0 h)/ Rer (60 h)/ Rer (120 h)/ Rcr (120 h)/ Rcr (180 h)/ Rer (240 h)/
mQ' mQ! mQ! mQ? mQ? mQ?

A123 18650M1A 11.75 11.33 11.92 22.58 2291 24.45

LG 18650HE2 7.44 6.57 6.62 15.71 18.16 19.68

LG 18650HG2 9.28 8.05 8.25 - - -

LG INR18650-MJ1 8.73 7.12 7.56 35.79 38.16 38.97

Molicel IHR18650A 28.85 26.23 27.13 74.70 80.39 82.15

Molicel IHR18650C 8.07 7.08 7.52 - - -

Pan NCR18650B 22.72 21.09 21.37 145.92 160.00 168.08

Pan NCR18650E 13.48 12.99 13.44 - - -

Pan NCR18650PF 22.40 19.11 18.78 - - -

Pan UR18650RX 10.25 10.51 10.55 24.39 25.58 25.97

Samsung ICR18650-22FM 22.11 19.24 19.49 47.84 49.25 52.55

Samsung INR18650-25R 6.14 5.26 5.42 11.28 11.67 12.47

Samsung INR18650-30Q 10.98 9.95 10.26 21.12 22.65 22.74

Samsung INR18650-35E 19.79 17.63 19.16 34.77 34.51 35.51

Sanyo UR18650E 9.07 7.81 8.29 16.49 16.24 16.96

Sony US18650V2 20.47 20.50 22.40 - - -

Sony US18650VTC4 14.43 11.70 12.45 29.91 31.84 36.64
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6 Structural dynamics of lithium-ion cells — Part I: Method, test

bench validation and investigation of lithium-ion pouch cells

In the following, the second of the core-publications [109] is briefly introduced.
Introduction and motivation

This chapter and the respective publication [109] are the first in the field of mechanical
characterization to use the EMA method (2.3.2). If the structural dynamics of a lithium-ion cell are
well known and can be reliably measured, this allows to understand “how” the cells vibrate and what
happens during vibration. It further theoretically supports the use of variations in structural response
as a damage indicator in health monitoring or diagnosis. The obtained data can be further used to
build FE models, which is done in Chapter 8. The model is based on the data from the publication in
this chapter and the respective publication [109]. Fully validated models can provide an insight, for
example, into internal stresses, stress distributions and worst-case load conditions in the future. This
allows DOE of a maximum-stress-experiment. This experiment can be used to investigate if HCF of
electrodes or separators can occur in the case of repetitive loading. The proposed procedure is
depicted in Fig. 18. Therefore, in this chapter and in [109], the new test bench (also introduced in
Section 2.7) is presented and validated. The test bench design differs significantly from the proposed
setups in the literature for EMA on cell level. Choi et al. made the first attempt with impact testing
and shaker testing with fixed boundary conditions [158]. Hooper et al. also used impact testing [160].
Popp et al. used a miniature shaker and an impedance head upside down for a single-location
measurement [161]. In this work, a shaker-based setup is developed to enable an MDOF approach
with minimized influencing boundary conditions.

High-stress-testing

Characterization
using EMA

Harmonic response
analysis based on
EMA data

Calculation of stress
distribution

using resonance
excitation for
evaluation of HCF

Fig. 18: Description of the approach designed in this thesis to investigate fatigue behavior (HCF).
Blue color indicates experimental work, green color indicates FEM simulations.

Addressed objectives

This chapter addresses Objective 1 (failure mechanisms) indirectly since it is a characterization
method, which does not directly induce a failure mechanism. Nevertheless, it is the preparation for
the investigation of HCF according to the approach described in Fig. 18. Objective 3 (influencing
factors) is in the center of this chapter. A detailed sensitivity study with variation of SOC, temperature
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and SOH is included. In addition, the nonlinear behavior is investigated using varying excitation
levels, which is the basis for the answer to the questions given in Objective 4 (methods).

Key results

In this publication, a new test bench is designed and successfully validated. With that test bench, the
structural dynamics of the investigated lithium-ion pouch cells can be identified in terms of natural
frequencies, damping ratios and mode shapes. The test bench allows investigation of all cell types
and formats with a controlled temperature in the range of approx. 17-34 °C and various measurement
possibilities (force, acceleration, voltage, temperature, EIS). The tested unconstrained pouch cells
show a strong sensitivity of their structural dynamics to temperature and SOH, while the influence of
SOC variation is negligible. Increased temperature causes the cells to soften, while increased aging
causes hardening. Both stiffness and damping ratios change in a nonlinear manner.

Results with regard to the objectives

The most relevant parameters for a lithium-ion cell SOC, SOH and temperature are tested regarding
the sensitivity of the structural response to each of these parameters. This reveals the importance of
temperature and SOH in the case of an unconstrained pouch cell with respect to Objective 3
(influencing factors). The cells showed significant nonlinear behavior even in the case of low
excitation forces, making the application of, for example, FDS as a tool for comparison or the
reduction of test duration questionable — related to Objective 4 (methods). The obtained data set can
be used to further evaluate the question of fatigue regarding Objective 1 (failure mechanisms).

Outlook

Investigations regarding the outlook of this chapter are partly already included in this thesis. The
importance of boundary conditions on the structural response can be investigated by comparison with
the results of other cells and cell types. With this understanding, the EMA method can be evaluated
regarding their usefulness. This addresses Objective 5 (EMA potentials) and is further presented in
Chapter 7. The applicability of the data for the parameterization of an FE model is presented in
Chapter 8. The results of the FE model can be then used to design experiments for the evaluation of
HCF and to gain more insights regarding Objective 1 (failure mechanisms) and Obijective 2 (failure
modes).

Contributions

The conceptualization of the idea of using EMA for mechanical characterization of lithium-ion cells
was initiated, developed, and evaluated by the author of this thesis. He also formulated the
overarching research goals and aims and defined the methodology. The author made the DOE and
was responsible for the test bench design, conceptualization, construction, and validation as well as
the funding acquisition and the project administration of the ReViSEDBAatt project at the Institute for
Electrical Energy Storage Technology. The author of this thesis was further responsible for analysis
and validation of the results. The author of this thesis wrote the complete manuscript for this
publication.
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Jonas Soellner performed most of the experiments at the test bench and the subsequent MDOF fits
according to the DOE by the author of this thesis. Furthermore, he visualized the data in the figures
of this publication according to the ideas and instructions of the author of this thesis. Andreas Jossen
supervised the work, was involved in the research conceptualization and in the discussion of the
results. All co-authors did proof-read of this publication.
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ARTICLE INFO ABSTRACT

The failure mechanisms that govern the durability of lithium-ion cells under vibration loading are inadequately
investigated. It is inevitable for effective durability testing to understand what might determine damage and
fatigue. Experimental modal analysis is used to unveil the structural dynamics of lithium-ion pouch cells in terms
of natural frequencies, damping ratios, and mode shapes. A test bench for free-free testing has been developed
and validated and is presented in this work. Sensitivities from cell parameters such as state of charge, state of
health and temperature and from excitation amplitude are revealed. Strong sensitivity of the structural response
from excitation amplitude due to nonlinear softening and nonlinear damping was found. Significant softening for
increasing temperature with a linear regime, most probably due to changes in the visco-elasticity of the se-
parator, was also observed, while the state of charge showed minor sensitivity. In contrast, cyclic aging caused
strongly increased stiffness of the cells. The results can be used for finite element model building to accompany
vibration durability research with simulations, to define which parameter sensitivities might determine the level
of fatigue during vibration testing and to test the impact of high dynamic stress on lithium-ion pouch cells
through resonance excitation.
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1. Introduction

Lithium-ion batteries with high performance characteristics are one
of the enablers for new environmentally-friendly technologies with
better efficiency and lower emissions such as for example battery
electric vehicles (BEV), hybrid electric vehicles (HEV) [1] or even
electrified airplanes [2]. Furthermore, they are an important and
widely used component for power tools, notebooks, smartphones and
other portable applications [3]. This is due to their high specific energy,
long lifetime, low self-discharge and high-energy efficiency [4]. Despite
these many advantages, unfortunately, several incidents with lithium-
ion batteries still raise concerns regarding their safety [5-10]. Safety-
critical incidents can have catastrophic consequences with rupture, fire,
and explosion [5,9,11-13] and the emission of toxic gases [14,15].
Additionally, aging is a critical concern for lithium-ion batteries as a
low lifetime increases cost and decreases customer satisfaction.

Besides electrical and thermal conditions in both operation and

abuse [5], mechanical loads are present in the applications named
above. This work introduces different mechanical loadings and identi-
fies unanswered research questions to motivate the concept of experi-
mental modal analysis (EMA).

The mechanical loads on lithium-ion batteries can be roughly ca-
tegorized such as follows:

Firstly, abuse loads, usually appearing as a single event with a short
duration as for example shock, compression, indentation or bending,
e.g. in case of an accident with an electric vehicle or a drop of a power
tool or smartphone. Numerous publications are available for this cate-
gory due to the importance of crash safety for the rise of electric mo-
bility. The research is dedicated to building models for safety in-
vestigations [16-18], understanding the deformation characteristics or
strain and stress [19-21], describing the short circuit initiation
[20,22-24], or identifying the formation and growth of cracks [25] to
name only a few research topics and an exemplary set of publications.
For a wider overview, the reader is referred to the available reviews

Abbreviations: BEV, battery electric vehicle; CC, constant current; CC-CV, constant current-constant voltage; CID, current interrupt device; CT, computer tomo-
graphy; DOF, degree of freedom; DPM, driving point measurement; EMA, experimental modal analysis; FEM, finite element model; FRF, frequency response function;
HEV, hybrid electric vehicle; IR, infrared; LSCF, least square complex frequency; LSE, least square error; MD, machine direction; MDOF, multi degree of freedom;
MIF, mode indicator function; NMC, nickel manganese cobalt; RMS, root mean square; SDOF, single degree of freedom; SEI, solid electrolyte interface; SNR, signal to
noise ratio; SOC, state of charge; SOH, state of health; SUT, structure under test; TD, transversal direction; TM, transfer measurement
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[16,18].

Secondly, quasi-static or low dynamic loading appear during regular
operation due to lithium intercalation and de-intercalation during
charge and discharge with respective electrode swelling [26-32], and
due to thermal swelling [33-35]. The influence of external stress due to
e.g. the bracing of the cell and its influence on aging and performance
has been researched as well [36-40]. For example, high and in-
homogeneous external pressure can cause increased and in-
homogeneous plating [40].

Thirdly, during regular operation in mobile or portable applications,
vibrations pose a highly dynamic load. This can be for example:

- Stochastically distributed random vibration — most important in the
automotive sector representing rough surface or ground conditions
[41-43].

- Deterministic sine vibration, which can be a single sine or multi sine
due to periodic movements as they appear in power tools but also in
helicopters driven by a propeller with a specific frequency [44].

- A mix of both.

To ensure safe operation, vibration testing is an important part of
many safety-testing standards, which have been already analyzed and
compared by other research groups with respect to the automotive
sector [42,43,45-47]. They revealed significant differences amongst the
testing standards in duration, state of charge during testing, amplitude
level or ambient temperature [47]. Ruiz et al. therefore questioned if
the testing conditions are developed and validated enough [47]. If such
a variety amongst the different standards exists, it raises suspicion that
the tests could be insufficient or may require over-testing.

Several publications report about vibration durability testing of cells
and packs. They were tested for application in aviation [48], space
[49-52], telecommunications [53], electric buses [54], electric vehicles
[55-57] and heavy-duty vehicles [58]. None of these publications
found, reported or proved any cell intrinsic failure as they focused on
qualification testing with a pass or fail evaluation and were not dedi-
cated to a scientific understanding of possible failure mechanisms in-
side the cells.

Hooper et al. and Zhang et al. tested the durability of 18650 cells
under the load of electric vehicle random vibration by shaker testing
[59-61] and multi-axis shaker table testing [62]. The cells in [60,62]
did not show significant degradation, while for the Samsung ICR18650-
22F cells in [59], the most significant change was reported for the inner
resistance. In [61], 32 18650 cells were tested and a degradation of the
cell capacities could be observed, but as no control cells were used the
degradation can also be due to calendric aging.

The influence of sine vibrations was tested with 18650 cells [63,64]
and pouch cells [64]. The measured cell capacities showed some var-
iation in [63], but no clear tendency of degradation.

Brand et al. revealed failure due to a local internal short circuit
because of a loose inner mandrel inside the jellyroll of an 18650 cell.
The moving mandrel damaged the negative current collector and the
separator in case of long-term vibration testing for 186 days. In addi-
tion, the inner mandrel deformed the current interrupt device (CID) in
case of repeated shock loading according to UN 38.3 T4. Comparison
with reference cells, computer tomography (CT) imaging and post-
mortem analysis revealed and proved the failure mechanism of a
moving mandrel causing reduced safety and performance [64].

Remaining questions to be answered with regard to the influence of
vibrations are, for example, if or how the tests can be accelerated by
amplitude scaling, if further failure mechanisms exist and how different
state of charge (SOC), state of health (SOH) or temperature influence
the vibration durability. It is further unclear if e.g. acceleration, dis-
placement, stress or strain governs the failure and the time to failure. As
most of the vibration research is about safety testing, the question of
possible accelerated degradation received even less attention.

To understand how vibrations influence a structure (here: lithium-
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ion pouch cell) and if stress-related fatigue by repetitive loading can
occur, it is required to understand the structural dynamics of the
structure [65,66]. The natural frequencies (also called eigen-
frequencies), damping ratios and mode shapes of a structure describe
the structural dynamics. The common method to capture the structural
dynamics is EMA [67]. As a lithium-ion cell is a complex, dynamic and
nonlinear system, permanently influenced by its SOC, SOH, and tem-
perature, it is further required to understand the sensitivity of the
structural dynamics to these parameters.

EMA has been already used by some researchers for structural re-
sponse analysis of pouch cells [68-71], composites with embedded
pouch cells [72] and prismatic cell packs [73]. Choi et al. [68] per-
formed the first attempt to investigate the natural frequencies of li-
thium-ion pouch cells for one SOC by EMA with impact testing and
shaker testing with a fixed boundary condition. Hooper et al. in-
vestigated pouch cells for different SOC by impact testing and obtained
natural frequencies, damping and mode shapes with little sensitivity to
the SOC [70]. Popp et al. used a miniature shaker and an impedance
head upside down for different SOC, two SOH (one new and one cycled
cell) and three distinct temperatures with sensitivity of natural fre-
quencies and damping from both SOC and SOH [69,71]. Galos et al.
found that EMA and finite-element-based modal analysis can be used to
improve vibration damping properties of structural batteries through
beneficial placement of the pouch cells [72].

Volk et al. performed EMA on 14 cell packs composed of prismatic
lithium-ion cells with different SOC and different SOH and investigated
the first two bending modes. The variations of the natural frequencies
did not reveal a statistically significant dependence from either SOC or
SOH and were assumed to be due to cell-to-cell variations because of
production tolerances [73].

Finite-element-based modal analysis on the pack level for a pouch
cell pack [74] and for a prismatic cell pack [75] was performed to in-
vestigate the influence of e.g. pre-stress and cell-to-cell variation and
the possibility of using the natural frequencies for health monitoring.
The simulations were built on parameter assumptions; no measure-
ments were done or used for parameterization or validation.

The presented method and results in this publication are part of our
approach to systematically understand and reveal the impact of vibra-
tions on the safety and lifetime of lithium-ion cells.

The approach consists of three steps:

1. The structural dynamics of different lithium-ion cells are examined
under varying conditions to reveal the sensitivity of the structural
response to SOC, SOH, temperature and excitation level. If relative
displacements occur, the mode shapes can deliver valuable insights
into critical movements.

2. The obtained data is used for the setup of finite element models
(FEM) to obtain mechanical properties, comparable to [76] and to
calculate stress and strain concentrations, comparable to [74,75] for
different loading conditions.

3. Based on the experimental data and the simulation results, sys-
tematic design of experiment for vibrational testing is possible to
achieve maximum stress and to validate if periodic loading can
cause fatigue of the cell or any of its components. By this, the
question whether resonances are critical for lithium-ion pouch cells
(as they are for other systems [67]) can be answered.

This failure mechanism-oriented approach is assumed to reveal
more information than an application-oriented approach, which is often
limited to a pass or fail statement.

This publication focuses on the first step of the explained approach.
A newly designed test bench with the validated free-free condition is
introduced and validated and a consumer pouch cell is investigated.
The sensitivities of the structural dynamics to SOC, SOH, temperature
and excitation amplitude are shown and the nonlinear characteristics
are analyzed. The free-free condition, as well as the understanding of
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nonlinear behavior, is mandatory for any further analysis by finite
element modeling, fatigue calculation or damage accumulation to name
only a few examples.

The EMA presented in this work is the first one in literature with a
validated shaker-based test bench with the free-free condition for cell-
level testing and the first one applying a multi-degree of freedom
(MDOF) fit. Furthermore, it is the first EMA based investigation of the
nonlinear dynamics, and the measurement of more than one cycle-aged
cell.

2. Experimental

Beginning with a brief introduction of EMA, the developed test
bench and the structure under test (SUT) are introduced.

2.1. Experimental modal analysis (EMA)

The modal analysis is very important in vibration testing.
Mechanical malfunction or failure can be caused by the excitation of the
preferred motion of the system, in other terms by resonance excitation.
The modal analysis enables the understanding of the extent and loca-
tion of severe vibration and is, therefore, a useful tool for diagnostics
and prediction [67].

In EMA, a force F(w) excites the SUT and the response acceleration a
(w) is measured with an accelerometer. The measured force excitation
and acceleration response are used to calculate the frequency response
function FRF(w) according to Eq. (1).

a(w)
F(w) (€]

Measurement of the FRF for one position on the structure is suffi-
cient to calculate natural frequencies and modal damping [77,78] if
nodal points are avoided. If excitation or response is located on a nodal
point of the respective mode shape, the resonance remains undetected
[77].

Damping is usually described as damping ratio ¢ according to Eq. (2)
[79].

c
= @

Hereby, c is the actual damping and c, is the critical damping
(damping threshold for which and above no oscillation occurs) [79].

If the characteristic mode shapes for each resonance are required,
the FRF has to be measured at different locations on the structure by
roving excitation or roving response [67,77]. Each combination of po-
sition and respective orientation, e.g. x, y or z (if the rotational
movement is neglected), is called a degree of freedom (DOF). Generally
speaking, the DOF is the number of independent incremental co-
ordinates to represent the general incremental motion of a system [67].
If a structure or system consists of only one concentrated mass and is
constrained in all but one directions, than the system is called a single
degree of freedom (SDOF) system. If the system consists of distributed
masses with several DOF, the system is called a multi degree of freedom
(MDOF) system. The measurement matrix in this work consists of 25
DOF, defined as pXX(z), equally distributed over the surface of the
pouch cell, shown in Fig. 1 b). XX are placeholders for the respective
matrix locations. The cell under test is excited at the two DOF p22(z)
and p33(z) from the bottom side of the cell. Direction for both excita-
tion and response is always z (through plane) in this work. In the event
that the DOF for force and acceleration is the same, the measurement is
called a driving point measurement (DPM), otherwise it is called
transfer measurement (TM) [77]. All results in this study, besides the
mode shapes, are measured with DPM.

Mode indicator function (MIF) and stability diagrams are used to
extract modes with frequency and damping values in a MDOF fit
[77,80]. It is required to use MDOF instead of the more simple single

FRF(w) =
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degree of freedom (SDOF) fit, as the modes overlap due to high modal
density and high damping [77,80]. The fitting algorithm is a poly-
reference least squares Complex Frequency Domain (p-LSCF) fit from
[81], which is recommended for highly damped structures [82].

To check the quality of the measurement the coherence function
[83], which gives the degree of linearity between input and output, is
used (1 for perfect linear correlation of input and output, 0 for no
correlation). Additionally, the FRF is checked in both bode and Nyquist
plots as distortions of the FRF e.g. can be more clearly seen in the
Nyquist plane.

The advantage of the modal analysis procedure is that a complex
structural system with coupled differential equations can be trans-
formed into a set of uncoupled equations with easy-handle mass, stiff-
ness and damping matrices [77]. The obtained data can be used to build
models, e.g. by the finite element method, which can be incorporated
into a higher order system model [67].

2.2. Test bench and measurement setup

Fig. 1 depicts the test bench and respective setup. The test bench
consists of a TIRA S51140 force exciter (TIRA GmbH, Germany), also
called a shaker, with a maximum force of 400 N and the amplifier BAA
1000 (TIRA GmbH, Germany) with a nominal power of 1200 V A. An
eight-channel m+p vibPilot (m +p international, Germany) serves as
data acquisition and control unit. A Bio-Logic VSP-300 (Bio-Logic Sci-
ence Instruments, France) with impedance capability and 10 A booster
is available for SOC adjustment of the cells and other electric tests. m
+p Analyzer 5.1 (m+p international, Germany) is the software for
measurement, data acquisition, and post-processing. The shaker is
placed below a self-built safety chamber with temperature control. The
armature of the shaker is therefore extended into the chamber with a
rubber membrane to seal the chamber. The safety chamber is equipped
with gas detection, temperature, and voltage observation capabilities
and an automatic shutdown of the exciter in case of safety values out of
bounds. The safety system is controlled with a PXI System from NI
(National Instruments, USA). The temperature of the SUT can be
measured contactless with an infrared (IR) sensor optris CS (Optris
GmbH, Germany) without any interference with the measurement.
Force transducer and accelerometer are selected with respect to size
and weight to minimize the influence on the measurement. The ex-
citation force is measured by a Kistler 9712B5 force transducer (Kistler
Group, Switzerland) with a measurement range of 22 N for both com-
pression and tension, a sensitivity of 180 mV/N and low weight of
19 grams. The accelerometer is a PCB 352A73 sensor (PCB Piezotronics
Inc., USA) with a measurement range of =+ 1000 g, a sensitivity of
5 mV/g and a weight of only 0.3 g (<1% of the mass of the SUT mgyr).
Sensors and SUT are joined with a thin layer of petro wax 080A109
(PCB Piezotronics Inc., USA). The accelerometer has two 30 cm long
thin twisted cables with 10-32 plug at the end to connect the vibPilot
with coaxial cable. The thin and lightweight cable reduces possible
negative consequences on measurement accuracy.

To uncouple the SUT from the test bench, the force transducer is
mounted on a stinger made from stainless steel with a diameter of
1.5 mm and adjustable length. The SUT is supported by two metallic
springs with a wire diameter of 0.2 mm, a length of 30 mm, low sus-
pension rate of 0.02 N/mm, a preload of 0.13 N, a maximum dis-
placement of 28.5 mm and a maximum load of 0.69 N. This results in an
initial displacement of 4.12 mm for the pouch cell of 43 g. Therefore, in
both tension and compression, the suspension is in the linear elastic
range for all measurements.

2.3. Samples under test
In this work, five new and five aged pouch cells of the type

SLPB356495 from Kokam with a nominal capacity of Cnom = 2.1 Ah
and a weight of 43 g with Nickel Manganese Cobalt Oxide (NMC)
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Fig. 1. Schematic and depictions of the test bench and setup: a) temperature-controlled safety chamber with shaker and measurement setup, b) zoom on mea-
surement setup with the cell as SUT and DOF location matrix, ¢) complete test bench setup photography, d) photography of the cell under test inside the safety

chamber.

cathode and graphite anode are selected as SUT. The cut-off voltage is
4.2 V for charge and 3 V for discharge. The dimensions of the cells are
64 mm X 95 mm in width and length and 3.5 mm in thickness.

The aged cells have been cycled with a C-rate of 0.9 C in another
study, published by Ebert et al. [38]. The cells have been aged under
various pressure with flexible or solid bracing and three different
pressure levels of 0.05, 0.25 and 0.45 MPa for both types of bracing
(0.05 MPa cell with rigid bracing not included in this work). Capacities
of the cells are determined by a constant current (CC) discharge with
Liischarge = 0.9 C according to the test regime in [38]. Measured capa-
cities of the five aged cells are in the range of 2.018-2.056 Ah with a
mean capacity of 2.038 Ah showing little variation although being
cycled under different pressure levels. The five new cells have actual
capacities from 2.181-2.194 Ah with a mean capacity of 2.187 Ah.

A dummy cell made of aluminum EN AW 5083 (density p = 2660
kg/m?>, Young's modulus E = 70 GPa and Poisson's ratio § = 0.33) with
the same dimensions than the pouch cell and a resulting weight of
56.6 g is used to validate the test bench in advance to ensure high
measurement quality without systematic errors.

2.4. SOC adjustment

SOC adjustment in the experiments is required to evaluate the in-
fluence of the SOC on the structural dynamics. Before these tests, one of
the five new cells is charged to 100% SOC with CC-CV (constant cur-
rent—constant voltage) profile with a C-rate of C/2 until a voltage of
4.2V and a C-rate of C/50 is reached. From this fully charged state, the
cell is discharged with C/5 to vary the SOC for the EMA. Ampere-hour
counting is used to drain 20% of Cy,y, in five steps. In the end, the cell is
discharged with CC-CV with constant current of C/5 and termination
criterion of 3 V and C/200 for CV, draining the remaining 6.5% of
capacity beyond the nominal capacity from the cell. After each SOC
adjustment, the cell is allowed to relax for at least 30 min and until the
voltage relaxation is less than 0.2 mV/min. The SOC levels given for
analysis in this work are calculated with respect to the available ca-
pacity.

3. Test bench validation

As the EMA is a linear method [84], special care shall be taken to
ensure linear measurement. In addition, several other factors can
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influence the quality of the measurement. These have to be considered
and are addressed below.

3.1. Potential error sources

Potential sources for errors or low-quality measurements may result
from [85]:

- Mechanical setup

o shaker-stinger-structure interaction

o bad attachment or support, e.g. support too stiff

o mass loading effects due to the roving accelerometer

o insufficient force transducer joint or accelerator attachment

o limited reproducibility for above reasons and operator errors
- Measurement and signal processing

o excitation of nonlinear response

o measurement noise

o leakage effect

o aliasing

Furthermore, sufficient and suitable locations for excitation and
measurement must be chosen to avoid nodal points [85]. The following
section refers to each potential error source category named above and
describes the chosen countermeasures and the resulting setup. In the
end, the test bench and the setup is validated with the aluminum
dummy.

3.2. Countermeasures and chosen setup

3.2.1. Mechanical setup

The stinger shall be designed to be stiff in the axial direction to
transfer the force to the SUT and to avoid bending and to be as flexible
as possible in all other DOF to allow the SUT to move freely [77]. If the
stinger is to stiff, the rigid body modes, which describe the three
translational and three rotational movements of a structure, will in-
crease in frequency and will, therefore, influence the flexible modes. If
the stinger is too flexible insufficient force is transmitted to the struc-
ture in direction of the DOF (z in this work) and the flexible modes are
insufficiently excited [77]. Upfront an ideal choice for the stinger
length cannot be given [77,85] and has to be identified in an iterative
procedure. Several stinger lengths have been tested and the length of 50
mm has emerged as a valid choice for both pouch cell and aluminum
dummy.

To achieve reproducible and linear results, metallic springs of well-
defined stiffness are chosen as described in the experimental section.
Previous experiments with elastic rubber bands introduced errors due
to the nonlinear characteristic of the rubber. The metallic springs are
chosen so that in both tension and compression only the linear range of
the spring is in use. The validity of both support and stinger is shown
with the aluminum dummy.

The presented approach with flexible support and stinger is dif-
ferent from the approach by Popp et al. [69,71], who used a miniature
shaker with an impedance head. The shaker and impedance head were
put upside down on the cell and therefore the weight of the shaker
lasted on the cell. This can be a valid method to detect changes as it is
the purpose in [69,71] as a prerequisite for e.g. mechanical SOH de-
termination. At the same time this method has limitations in char-
acterization of a cell without any shaker-structure interactions in free-
free conditions since even much lower sensor masses influence the FRF
[77,85].

The influence of the accelerometer and its cable due to its mass
loading effect on the measurement results is minimized by minimizing
the size and weight of the accelerometer in this work. The remaining
influence is determined by piling up two identical accelerometers, thus
doubling the weight as proposed in [85]. No difference can be observed,
so mass loading effects or cable rattle effects can be neglected.
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Sufficient attachment between transducer or accelerometer and SUT
is achieved by a very thin layer of petro wax, which gives the best
results for both force transducer and accelerometer. After three or four
shifts of the accelerometer, the petro wax layer has to be renewed to
avoid increased noise in the measurement.

Shaker testing is usually favored to impact testing with regard to
reproducible measurements and minimized operator errors. However,
reproducibility might be an issue if the SUT must be removed from the
test setup as must be done especially for SOC variation to charge or
discharge the cell, but also in case of the SOH investigation where
different cells are compared. Therefore, if re-assembly is required in
between the tests, three repetitions with full dis- and reassembling for
each measurement are performed. If reproducibility measurements are
performed, it is mentioned at the respective place in this work.

3.2.2. Measurement and signal processing

Different excitations have been tested prior to this work. As lithium-
ion cells are expected to show strong nonlinear behavior, a random
excitation shall be preferred. Random signals can average out non-
linearities and can give a linear approximation [84]. In contrast, a fast
sine sweep, called sine chirp (used in [71]) or impact hammer mea-
surements (used in [70]), tend to excite the nonlinear characteristics of
the structure under test [84]. Especially impact excitation can overdrive
the SUT due to its high crest factor (ratio of peak to root mean square
(RMS) value). As the signal is of deterministic nature and therefore, the
coherence cannot indicate signal distortion due to the leakage effect or
nonlinear behavior [84].

In this work, burst random is chosen over random testing to avoid
the leakage effect [77]. A burst rate of 90% allows the signal 10% of the
excitation duration to return to zero. This is sufficient as pouch cells
exhibit strong damping and the oscillation therefore quickly levels off.
The force level or excitation amplitude can be chosen in steps of 0.01 in
the Analyzer software as a dimensionless non-physical quantity. The
force level is therefore calculated in terms of RMS values afterwards if
required.

In the case of random testing, several measurements need to be
averaged to achieve a sufficient signal-to-noise ratio (SNR). 50 averages
have shown to be a good choice for the investigated pouch cells. To
average the complex FRF, an estimator has to be used. Estimators use
cross- and auto-spectra to average multiple measurements of the com-
plex FRF. Different estimators can be used depending on whether noise
is dominant at the input or the output [77]. The H1 estimator is chosen
in this study. Comparison of H1 and H2 estimators prior to this work
did not reveal significant differences.

Signal acquisition parameters as frequency range, block size or
sample rate were varied without any significant effect. The frequency
range is therefore chosen from 20 to 6500 Hz with a block size of
32 768 samples, a sample rate of 16 384 Hz and a frequency spacing of
Afjine Of 0.5 Hz.

3.3. Validation with an aluminum dummy and parameter optimization

To ensure valid measurement results, a validation test with an
aluminum cell dummy is established. The expected structural response
of the aluminum dummy can be easily and reliably calculated in the
FEM software ANSYS 18.2. The material parameters from Section 2.3
are used as initial values. The modal analysis function of ANSYS Me-
chanical is used with the free-free condition and suppressed damping to
obtain the natural frequencies.

For measurement, the two DOF p22(z) and p33(2), similar to Fig. 1b)
for the pouch cell, are used for both excitation and response to obtain
the respective DPM.

The aluminum dummy is measured three times for each DOF with
complete reassembly of the test setup in between to prove reproduci-
bility. One exemplary measured and fitted FRF, as well as the simulated
natural frequencies, are depicted in Fig. 2a) for p22(z) and Fig. 2b) for
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Fig. 2. FRF of measurement and MDOF fit and natural frequencies f,q; ansys,» from ANSYS calculation depicted as vertical scattered lines for a) excitation at p22(z)

and b) excitation at p33(z).

p33(2). Peaks in the magnitude of the FRF mark a resonance. The al-
ternating order of resonances (maximum peaks) and anti-resonances
(minimum peaks) indicates successful DPM [77].

Fig. 2 shows that MDOF fit and measurement are in good ac-
cordance for both DOF (least square error (LSE) in the range of
1.1-3.4% for all six measurements and respective MDOF fits). Rigid
body modes can interfere with the elastic modes if the support is too
rigid [77,78]. In this validation, they are well separated and can be seen
as peaks in the measurement in the low frequency range less than 200
Hz. Small deviations at approx. 1000 Hz are due to the asymmetric
setup in case of DOF p22(z), especially significant for very small
structures. The deviations for p33(z) are smaller due to symmetry, but
while p33(z) is easier to measure not every resonance mode can be
detected due to nodal areas in the middle of the cell for several mode
shapes. Due to nodal areas, modes 1 and 5 are not visible in Fig. 2b),
while mode 2 can be determined more precisely from Fig. 2b) and
excitation at p33(z), because p22(z) is not exactly, but already very
close, to a nodal area for mode 2. In other words if all resonances shall
be detected with one single measurement, p22(z) would be preferable,
but measurements at several positions can enhance the accuracy and
reduces the risk of missing one resonance.

The peaks in both measured and fitted (MDOF fit) FRF are in good
accordance with the frequencies of the simulation (dashed vertical lines
in Fig. 2). In addition, measurement of the FRF at all 25 DOF is done to
assure that measured and simulated mode shapes match.

The relative deviation ¢, for each mode n is calculated for each
measurement repetition according to Eq. (3) with the natural fre-
quencies from MDOF fit fuqmporn and from the FEM simulation

f nat,ANSYS,n*

_ fnaz,MDOF,n _fnar,ANsys,n

&n =

f;lat,ANSYS,n (3)

If modes 1, 4 and 5 are determined from Fig. 2a) and modes 2 and 3
from Fig. 2b), the maximum deviation &g, is 3.3% or less, as listed in
Table 1.

Mean values are calculated according to Eq. (4) for each mode n and
given in Table 1.

j;lat,mean,n -

k
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The value k represents the number of repetitions. A similar calcu-
lation is done for damping ratios {;ean,n and the results are also shown
in Table 1.

Table 1

Data from the validation test with an aluminum dummy for comparison of fitted
measurement and simulation results for each mode n with the respective DOF
for DPM.

MDOF fit MDOF fit ANSYS Max. dev.  Exc.
Mode n  fragmeann/Hz ~ Damp. {meann  fracansysn/HZ — &¢n DOF
1 1898 0.47% 1845 3.3% p22(2)
2 1987 0.15% 2041 2.7% p33(2)
3 4284 0.53% 4257 0.7% P33(z)
4 4785 0.64% 4669 2.2% p22(2)
5 5351 0.19% 5363 0.3% p22(2)
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The damping ratio ¢, cannot be calculated for several reasons, e.g.
insufficient knowledge of the mode, the effective mass, the stiffness
friction at the connections and more [79]. Instead, it has to be mea-
sured and compared with results from other investigations. The ex-
perimentally determined average damping ratio {yean n in this work is in
the range of 0.15-0.64% for all five modes and therefore in very good
correlation with other investigations of aluminum bodies [86,87].

The variation in between the three measurements for each DOF is
also low for both natural frequencies and damping ratios, indicating
high reproducibility. Spreads for each mode n are defined according to
Egs. (5) and (6).

Afn = max nat,n,1° f;,a[,nvz s f;,a[,y,,3) — min nat,n,1° f;mt,n,z ’ f;mt,n,s) (5)

A{n = max({n,l’ gn,Z’ gn,3) - min(gn,l’ gn,Z’ gn,S) (6)

The highest absolute spread for natural frequencies occurred for
mode 4, with Af; = 27 Hz (0.6% of f,armean,4) and the highest relative
spread for mode 1 0.7% fuarmean,1 (Af; = 14 Hz). In case of damping
ratio ¢, for example for mode 1, a small variation in the range of
0.42-0.51% (A¢; = 0.09%) could be ensured.

In summary, both natural frequencies and damping ratios can be
reliably determined with the presented test bench setup even for small
and lightweight structures. The free-free condition is proven because
the simulation has been performed without any constraints and the
conformity with the measurement results can be seen. Additionally,
little variation in between the measurement repetitions proves high
reproducibility.

4. Results & discussion of pouch cell characterization

In this section, measurement results on the pouch cells are presented
and discussed. Table 2 gives an overview of all of the following in-
vestigations and the chosen parameters.

For the investigation of the SOC and SOH sensitivity, three mea-
surements are performed and averaged to ensure the high accuracy of
the results. While reproducibility is proven for the test bench in Section
3.3, this is done to ensure accurate results also in case of the more
complex structure of the pouch cell with e.g. imperfect surface. In case
of temperature and nonlinearity investigation, only one measurement
and MDOF fit are performed because no reassembly is required to
change the temperature or the excitation amplitude. In general, this
work concentrates on the method and the observable sensitivities while
absolute values depend on the specific cell under investigation and are
therefore less important.

4.1. Natural frequencies and mode shapes

To identify resonances, nodal points have to be avoided. For the
pouch cell, two excitation positions are required. The same positions as
in Section 3.3, in the middle of the cell p33(2) and closer to one of the
corners p22(z) are chosen. As at least coarse symmetry can be assumed
and measurement closer to the edge (pIlx, p5x, px1, px5) would be
difficult to measure reliably due to asymmetry as discussed in Section
3.3, the two proposed DOFs p22(z) and p33(z) are the best choice. All
expected mode shapes can be revealed. The pouch cell is excited by

Table 2
Overview of the investigations done in this work and the respective chosen
parameter settings.

Purpose Excitation =~ SOC/%  Temp./°C  SOH Chapter
Mode shapes 0.01 0 25 1 New/1 Aged 4.1
Nonlinearities 0.01-0.07 0 25 1 New 4.2
sSOC 0.01 0-100 25 1 New 4.3
Temperature 0.01 0 17-34 1 New 4.4
SOH 0.01 0 25 4 New/5 Aged 4.5
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force at the two DOF p22(z) and p33(z) and all 25 chosen response DOFs
are measured by roving the accelerometer. In this manner, the mode
shapes of the pouch cells can be captured. The mode shape analysis is
done for both a new and an aged cell to ensure that if new and aged
cells are compared, the respective modes coincide.

Exemplary FRF for one new cell and two DOFs are shown in Fig. 3a.
Five modes can be identified. Higher order modes cannot be reliably
detected, as they become too complex to be described with only 25
DOFs. In addition, high modal density and high damping in the high-
frequency range further complicate mode identification. The in-
corporation of residual terms into the MDOF fit accounts for the higher
order modes.

In Fig. 3a, the markers are located at the estimated natural fre-
quencies from the MDOF fit. The modes 1 and 2 as well as the modes 3
and 4 are very close to each other and can only be clearly distinguished
because each excitation DOF mostly drives only one mode at the time.
The principle of nodal lines can be thus useful to eliminate modes to get
a clearer look at another mode of interest.

Fig. 3b shows the detected mode shapes for each natural frequency,
e.g. mode 1 is the first bending mode along the longer side of the pouch
cell, and mode 2 is the first torsional mode. Mode 4 is the second
bending mode along the longer side with a little asymmetry. Mode 3
and mode 5 show the characteristic mode shapes according to Fig. 3b.
Animated videos of the mode shapes are provided as supplementary
material.

The mode shapes are essential to understand which movements
happen during vibration excitation and to understand and identify lo-
cations with severe stress. This knowledge, can help in the design of
battery systems. Additionally, they are required to reliably distinguish
the different modes.

The established order of the modes 1-5 remains through the paper,
so that e.g. mode 2 always refers to the first torsion, even when the
modes change their order as happens for example in the case of cyclic

aging.

4.2. Origin and influence of nonlinearities

The EMA is a linear method as it is based on the principle of mode
superposition. Hence, a check of the linearity is a very important factor
in structural analysis. Also, it can have a very strong impact on response
and fatigue in later application [84].

For this investigation, the excitation force is increased from the
lowest level that can be chosen in the Analyzer software (level 0.01) by
the smallest possible step size (0.01). The FRF is tested for homogeneity
to check for nonlinearity [84].

The results of the measurement are depicted in Fig. 4. Each row of
subplots represents one of the modes (1-5) and the respective extract
from the complete FRF. The dots represent the values from the mea-
surement, while the solid lines represent the corresponding MDOF fit.
The FRF is shown both in a magnitude plot (column a) and a Nyquist
representation (column c) as each representation has its own ad-
vantages to see different effects. Additionally, the coherence is shown
(column b) to evaluate the linearity [84].

To survey each mode separately, an extract is shown for each mode.
The frequency range for each extract is chosen as follows. For an SDOF
system, the half-power bandwidth method is common to calculate the
damping ratio ¢ or the quality factor Q according to Eq. (7) with the
natural frequency f,q and the half power bandwidth Af_345. Equations
are adopted from [67].

1 _
O % Mo @

Af 345 is defined as the half-power bandwidth, the frequency interval
from f, to f. The frequencies f, and f;, are the frequencies on both sides
of the resonance peak where the signal magnitude has dropped by half
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Fig. 3. (a) FRF for both excitation positions with natural frequencies (depicted as square markers); b) Mode shapes of the pouch cell, respective DOF for excitation

and response in DPM are marked with yellow squares.

or —3dB. The half-power frequency bandwidth Af_34z of an SDOF
system is therefore defined according to Eq. (8).

Mg =F —f ®

As f, and f;, cannot always be directly determined in an MDOF
system due to mode overlap, Af_ 3 g must be approximated differently.
Eq. (7) can be converted to Eq. (9) with indexes n to account for the
different modes in an MDOF system.

rA\fJ—.’»dB,n = 2§nﬁ'zal,n (9)

Solving Eq. (9) with the values, for damping ratio ¢, and natural
frequency fhar, obtained from the MDOF fit gives a bandwidth ap-
proximation rA\fi3 ag,n» Which can be used to obtain a representative
extract from each measurement for each mode n.

Each measurement extract of every mode n is depicted in Fig. 4 in
the respective interval according to Eq. (10).

Af;SdB,n Af;SdB,n

- 1.75

j;mt,n ’ f;'tat,n + 1'75

(10)

Several observations can be made from Fig. 4. For every mode, an
increased excitation causes a decreased peak in the magnitude re-
presentation (column a) and a reduced circle diameter in the Nyquist
representation (column c). For the highest tested excitation, the mag-
nitude of the FRF is flattened, especially for modes 1, 3 and 5. The
deviations from the MDOF fit to the measurement increase with in-
creased excitation, again mostly for modes 1, 3 and 5. As the MDOF fit
is valid for linear systems, this is an expectable observation.

In the Nyquist plot for mode 1, a flattening of the measured FRF
circle in comparison to the best fit is visible. This behavior can be de-
scribed as nonlinear quadratic damping according to [84]. The decrease
of the natural frequencies (marked as squares) and the flattening of the
FRF is known as softening cubic stiffness [84].

Looking on the coherence plots (column b), it is visible that the
coherence is a useful, but not a sufficient tool to indicate or investigate
the nonlinear structural response of lithium-ion pouch cells. While all
modes or resonances show strong nonlinearity the coherence only gives
a strong indication for mode 1 with a sharp drop of the coherence,
while there is nearly no indication example in case of mode 5.
Therefore, the definition of a fixed coherence limit to check for valid
data is impossible in case of lithium-ion pouch cells and burst random
excitation. In the case of other excitation signals, the usage of coherence
limits has to be carefully investigated.

An identical investigation is also made for the aluminum dummy to
exclude the possibility that the observed nonlinearities have the origin
in the measurement chain. As the homogeneity of the FRF has been
nearly uninfluenced (except a slight increase in damping for mode 1) by
the same increase of excitation, the nonlinear effects only occur due to
the lithium-ion pouch cell itself.

In addition to the evaluation of the FRF and coherence, the results of
the MDOF fit are evaluated in Fig. 5 to take a closer look at the natural
frequencies and damping ratios with regard to excitation force. As the
proportion of the excitation force in the frequency range of each re-
sonance or mode is primarily relevant for the respective resonance [79],
the RMS value of the excitation of each mode n is calculated by the root
sum square of all the spectral lines by Eq. (12) after transformation
from peak to RMS values by Eq. (11).

1
Frys(w) = EF(CU) an
Fryvsn = \;%Fws(wl,n)z + Z Frus (@i n)? + %FRMS (Wend,n)* 12

The respective frequency range is defined according to
Egs. (13)—(17) with the width of the spectral lines Afj,.. The width of
the spectral lines Afj,. shall not be confused with the half-power fre-
quency bandwidth Af s4p, for each mode n. the counter variable i is
increased with a step size of 1 till f;, = fengn — Afiine-

s o) = | = 2888, i

(13)
@), = 200, (14)
Wend,n = 2Mfynq (15)
i = 2I0f; , (16)
Jin =fin + = DAf, a7)

By this procedure, potential problems due to force drop-out [84] can
be neglected and each resonance is assigned to a reproducible measure
of excitation. The results of the MDOF fit are plotted in Fig. 5 with
respect to the calculated excitation. The natural frequencies and
damping values are obtained by the MDOF fit with a max. LSE of 2.40%
for excitation at p33(z) (modes 1, 3 and 5) and a max. LSE of 0.29% for
p22(z) (mode 2 and mode 4). It can be seen that for values in the range
of 5 mN or lower, natural frequencies and damping ratios already
change and therefore the FRF is slightly inhomogeneous. With respect
to linearity, an even lower excitation force would be beneficial, but this
would cause an unacceptable SNR at the same time. The lowest ex-
citation force in this work has the lowest LSE of 0.70% and 0.13% and
the highest coherence for both excitation positions and is chosen for all
further investigations.

Not for every mode, the same number of values is plotted. All fitted
values with a respective LSE > 3% of the MDOF fit in the range ac-
cording to Eq. (13) for each respective resonance have been excluded
from this investigation as no sufficient linearity can be guaranteed.

The natural frequencies are decreasing for four of five modes in
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Fig. 5a. Mode 2, first torsion, is only little affected by the increased
excitation level. Mode 3 shows some uncertain behavior for the three
highest excitation levels for an unclear reason, which would need fur-
ther investigation if needed to be clarified.

The damping increases steepest for mode 1 in Fig. 5b. Mode 2, mode
3 for the lower excitation levels and mode 4 also increase significantly.
Mode 5 remains comparably stable, mode 3 shows uncertain damping
ratio values in case of higher excitation level, too.

With the results shown here, it is possible that sine sweep, sine chirp
or impact testing [68-71] can easily drive the lithium-ion pouch cells
into nonlinear regimes and therefore sufficient linear behavior should

be carefully controlled.

If the damping values in this work are compared with other pub-
lications, strong differences can be found. While the values obtained by
impact testing in [70] are lower than the values in this work (mostly
below 2%), the values obtained by sine chirp testing in [71] are much
higher (up to 20% for a new cell). As three different setups, three dif-
ferent cells and three different excitation signals have been used in the
different publications; a conclusion about the origin is difficult. In ad-
dition, this work is the first one using an MDOF fit instead of an SDOF
fit [70,71]. An SDOF fit caused errors in our study and was not able to
capture the FRF due to the high modal density. The high damping ratios
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in [71] might have the origin in the nonlinear behavior with increased
nonlinear damping excited by sine chirp excitation or in the different
cell design.

According to the literature, excitation by a signal of random nature
is the best way to get a linear approximation of a nonlinear system [84].
The results in this work are an indication for very strong nonlinearity as
even with the burst random excitation in this work linear behavior and
the respective homogeneity of the FRF is already difficult to achieve.
Any impact or sine-based technique might show increased nonlinearity
[84] and the results have to be always carefully checked. At the same
time, a well-defined experiment with sine sweep excitation can give a
more precise picture of the nonlinear effects. The authors think that a
detailed understanding of the softening and damping inside a lithium-
ion pouch cell and its effect on fatigue is a very interesting topic for
follow up studies.

Vibration or shock testing of lithium-ion pouch cells should be
carefully adapted to the experienced load levels in the respective ap-
plication later to achieve reliable results as fatigue and damage depend
on natural frequencies and damping values [65,66].

4.3. Influence of SOC

As the cell has to be remounted after each SOC adjustment, for each
SOC value three measurements are performed with a complete re-
mounting in between the modal analyses. The mean value of each
measurement triplet is depicted in Fig. 6 with error bars showing the
maximum spread from minimum to maximum value of the three
measurements for both natural frequencies and damping values of each
mode n.

10

The obtained spreads Af,, and A, are additionally listed in Table 3
for each mode n. The spreads for natural frequencies are low especially
for modes 1, 2 and 4 with max(Af,) < max(Af;) < max(Afy) < 30 Hz.
For modes 3 and 5 in the case of some specific SOC, the spread is larger
up to 93 Hz for Af; and up to 64 Hz for Afs, indicating a weaker, but still
sufficient reproducibility in the respective condition. For damping ra-
tios it is A, < 0.7%.

Both natural frequencies fhq., (Fig. 6a) and damping values ¢,
(Fig. 6b) are not significantly influenced by changes in SOC. This is in
good correlation with the results by Hooper et al. with impact testing
[70] and in contrast to the results by Popp et al. [71], who found in-
creasing stiffness with increasing SOC till approx. 75% SOC. This dif-
ference might originate from the different measurement setups. In the
free-free condition in this work, the cells freely swell or shrink. Volume
change probably mostly causes a change in the density; however, the
natural frequency of a structure is less sensitive to the density than to
the elastic modulus. The measurement setup by Popp et al. [71] in-
cludes a miniature shaker pressing with its own weight on top of the
pouch cell. Therefore, an additional mass is added to the whole setup.
The cell is under compression of approx. 0.02 MPa (calculated with the
weight of the combination of the used shaker and impedance head of
approx. 274 g and a circular contact surface with a diameter of
13.5 mm) at this position with an increased stress level when the cell
swells. This might cause increased stiffness with increasing natural
frequencies. The measurements in this work show that a measurement
of the elastic modulus of a graphite anode, for example, has to be al-
ways considered with regard to the surrounding environment. While in
other studies a threefold increase in Young's Modulus of graphite
electrodes during lithium intercalation was reported [88], it can be seen
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Table 3

Maximum absolute spread for each measurement triplet at each SOC.
SOC /% Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Af1/Hz AL Af>/Hz AL2 Afs/Hz A3 Afq/Hz ALy Afs/Hz Als

100 9.7 0.32% 6.4 0.18% 92.6 0.53% 17.4 0.05% 23.3 0.15%
81 0.4 0.15% 6.1 0.24% 37.6 0.17% 6.6 0.10% 7.5 0.13%
63 14.9 0.47% 3.6 0.21% 79.7 0.22% 29.4 0.69% 63.8 0.28%
44 15.2 0.28% 1.6 0.20% 23.0 0.56% 109 0.28% 21.1 0.14%
25 5.1 0.20% 4.2 0.17% 3.2 0.46% 18.3 0.26% 18.9 0.23%
6,5 15.0 0.57% 13.8 0.34% 70.9 0.23% 22.3 0.68% 33.0 0.42%
0 22.8 0.09% 4.5 0.11% 21.8 0.04% 8.6 0.37% 23.2 0.45%

with the measurement of full cells, that this does not have to transfer to
the overall structural dynamics of the pouch cell. This effect has to be
considered if e.g. models for simulation are parameterized based on
single component measurement as for example available for electrodes
[88,89]. If structural dynamics shall be captured it is very important to
adopt the measurement setup to the desired output, e.g. if the cell shall
be characterized as in this work or if structural health monitoring is the
goal [71].

As the SOC has comparably little influence in our setup, it was
decided not to consider possible hysteresis effects for lithium-ion pouch
cells as has been investigated before [71].

In the case of vibration durability testing of single lithium-ion pouch
cells in free-free condition, SOC is not the most important parameter to
consider and cells can be tested at low SOC with a reduced risk in case
of short circuit failure. In the case of testing with a somewhat con-
strained cell, the situation might be different due to the constraints and

11

the different stress levels.

4.4. Influence of temperature

The investigations for temperature variation in this work reveal
high sensitivity of the structural dynamics from temperature. The
temperature has been varied in the range of 17-34 °C. When the climate
chamber reached its target temperature, an equalization time of at least
30 min was given to allow the cell to reach thermal equilibrium. The
surface temperature of the cell is measured with the IR sensor and is
depicted on the horizontal axes in Fig. 7, showing the values of the
MDOF fit for natural frequencies fhq., (Fig. 7a) and damping ¢,
(Fig. 7b).

All natural frequencies in Fig. 7a show a linear decrease with rates
of —11.9 Hz/K for mode 1, —7.4 Hz/K for mode 2, —20.6 Hz/K for
mode 3, —26.2 Hz/K for mode 4 and —32.9 Hz/K for mode 5 with a
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linear correlation coefficient p of —0.99 for each mode. Due to the
different slopes of the natural frequencies, mode separation and the
order of the modes can change. Therefore, temperature control can be
used for better separation of single modes e.g. for better mode shape
analysis.

The damping in Fig. 7b increases with increasing temperature in a
nonlinear regime for all the modes, except mode 4, which remains
nearly constant. The other modes show an increase of the damping ratio
of 116% for mode 1, 98% for mode 2, 46% for mode 3 and 66% for
mode 5, referred to the results at the minimum temperature.

If temperature is varied in an experiment, not only the effect on the
SUT, but also on the measurement setup must be considered. The steel
springs have sufficient reserve for both compression and tension to stay
linear and can be used up to 40 °C according to manufacturer in-
formation without changing their specifications. The temperature sen-
sitivity of the force transducer and the accelerometer according to
chapter 2.2 are —0.009%/K and —0.1125%/K respectively. As accel-
eration is numerator and force is denominator and both sensitivities are
negative, the sensitivity of the force transducer partly compensates the
deviation of the accelerometer. The nominal sensitivity from calibration
applies for room temperature, which is defined as 25 °C in this work.
Therefore, the maximum deviation of the FRF for the maximum tem-
perature of 34°C is 1% and 0.9% for the minimum temperature of 17 °C.
The maximum possible deviation due to the measurement setup is
therefore much smaller than the observed change for both natural
frequencies and damping and can be neglected. Additionally small
deviation of the FRF magnitude does not change the natural frequency
values at all, as the peak positions remain if the FRF magnitude is
slightly reduced.

Popp et al. [69,71], who have been the only ones up to now showing
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dependence of structural dynamics from temperature for lithium-ion
pouch cells also found decreasing natural frequencies for increasing
temperature. Three distinct temperature values in another range (0 °C,
25 °C and 45 °C) have been reported in [69,71] and no mode shapes
have been correlated. Hence, a more detailed comparison is not pos-
sible. As no further modal analysis data is available, other areas of re-
search have been considered.

Avdeev et al. [90] investigated the rate- and temperature dependent
material behavior of multilayer polymer separators. They observed a
strong dependence of the separator's elastic behavior in both machine
direction (MD) and transverse direction (TD) on temperature. Young's
modulus and the yield stress decreased for increased temperature. The
Young's modulus for electrolyte-wetted separators in MD decreased
from 1123 + 169 MPa at 28.5 °C to 289 =+ 11 at 80 °C. For TD the
decrease was from 310 = 8 to 129 = 15 MPa [90].

The temperature dependence of separators with similar results was
also reported in [18,91].

The thermal swelling of lithium-ion cells was investigated by Oh
et al. [34]. The thermal expansion was much larger than for each
electrode only, so the separator was identified as a critical element
inside the cell. The thermal swelling followed a quadratic form at low
temperatures (T < 25 °C) and linear characteristic at high temperatures
(T > 25 °C) [34].

The fracture mechanics and mechanical strength of lithium-ion
batteries under the pinch torsion test were investigated in [92] and a
linearly decreasing mechanical strength for increasing temperature
from 20 °C to 50 °C was observed.

The natural frequencies decrease due to a softening or, in other
words, a reduction in stiffness. The temperature dependence of natural
frequencies of the cells observed in our work and the temperature-
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dependent elasticity or stiffness of separators and the thermal swelling
and mechanical strength in other work shows similar linear trends at
temperatures above 20-25 °C. Therefore, it can be assumed that the
structural response of the lithium-ion pouch cell is strongly determined
by the separator. This is also a probable assumption, as a stronger de-
pendence from the electrodes shall cause higher sensitivity to SOC
variation.

The steeper slope of the natural frequency vs. temperature curve for
higher order modes could originate from the strain rate sensitivity of
separators [90,93-96], but strain rate sensitivity can be only found up
to a strain rate of 50/s [96] and therefore much slower than the lowest
frequency in this work. In the reported literature, higher strain rates
usually cause elastic modulus to increase, which is in contrast to the
results in this work with a quicker decrease for higher frequencies.
While in [90] temperature and rate dependence were investigated se-
parately for dry and wet separators, no publication testing the strain
rate sensitivity under varied temperature, which might explain our
results, could be identified.

The high sensitivity of the structural dynamics from temperature
makes it questionable, that temperature is often neglected in vibration
testing. The results in this work show that different temperature con-
ditions can have a significant influence on the vibrational response of
lithium-ion pouch cells due to reduced damping at lower temperatures
or due to reduced stiffness at higher temperatures. The temperature
should therefore always be considered in vibration fatigue testing of
lithium-ion pouch cells. As the temperature sensitivity is caused by the
inner components, it further applies to other cell types and geometries
as well.

4.5. Influence of SOH

To investigate the influence of cycling on the structural response of
lithium-ion cells, the EMA for four of the five new cells and five cells,
aged in [38], were measured and the results of the MDOF fit are pre-
sented as box plots in Fig. 8.

In these box plots, the box marks the 25th (q1) and 75th percentile
(g3) of the data, the line in the box marks the median. The whiskers
outside of the box mark the span of the data ( + 2.70 for normally
distributed data). Red crosses mark outliers greater than
g3 + 1.5(g3 — q1) or smaller as g1 — 1.5(g3 — qI).

To account for measurement uncertainties three measurements with
complete disassembly and reassembly of the measurement setup in
between are taken. The mean values of each measurement triplet are
depicted in the box plot. The box plots are therefore a representation of
the cell-to-cell variation, and not of the reproducibility for each cell.
The authors of this work are aware of the fact, that four measurements
(new cells) and five measurements (aged cells) are low numbers for box
plots. Nevertheless, this representation is the best to their knowledge to
get a quick visual overview of the cell-to-cell variation and the differ-
ence between aged and new cells. Of course, the absolute value of the
median shall be treated with care, but is also not the goal of this work
because absolute values are specific for one cell, while the authors
concentrate on the method and the general trends in case of e.g. cyclic
aging. The issue of reproducibility is discussed in the Appendix.

The lithium-ion pouch cells in this work get stiffer due to cyclic
aging in comparison to the new ones as the natural frequencies in Fig. 8
la-5a for all five modes are significantly increased. A check of a po-
tential correlation of the natural frequency to the cycle history (varied
rigid or flexible bracing and stress level in [38]) has been done. No
correlation or dependence from history is observable. As also the ca-
pacities have been in a very narrow range the simple classification of
“new” and “aged” has been most useful, while “aged” stands for approx.
90% SOH for all aged cells in this work. Further correlation, e.g. natural
frequencies with the impedance, would require further investigations.

For damping in Fig. 8 1b-5b no clear trend can be observed. The
median value increases for modes 1, mode 4 and 5, while it stays nearly

13

Journal of Energy Storage 26 (2019) 100916

constant for mode 2 and decreases for mode 3.

While the electrical parameters of lithium-ion cells usually show
increased parameter variation due to aging [97-100], this cannot be
seen for natural frequencies and damping ratios. However, for an eva-
luation of the distribution, of course, a larger sample size needed to be
measured.

Popp et al. [71] compared a new pouch cell with a cycled pouch cell
of ~75% SOH and reported slight changes in natural frequencies:
387.58-406.27 Hz (natural frequency 1), 724.42-710.88 Hz (2) and
1071.18-1041.62 Hz (3). These changes are (1) much smaller as the
observations in this work and (2) the cell in [71] got softer (lower
natural frequencies) for two of three natural frequencies, what is in
contrast to the observations in this work.

Furthermore, Popp et al. [71] reported strongly decreased damping
for the cycled cells, e.g. from 20.83% to 11.13% for the first resonance
at 0% SOC, which is different from the results in this work. The same
reasons as already discussed in the section about nonlinearity also apply
here.

An interesting outcome can be obtained by comparison with the
studies of Dai et al. [101]. They found decreased elastic modulus and
fracture strength of copper foils and decreased adhesive strength of
electrodes as an effect of cycling of a commercial LiCoO, lithium-ion
cell [101]. In contrast, the increased stiffness of the cells in this work
indicates an increased elastic modulus of the lithium-ion pouch cell.
Therefore, it is very important to understand which component de-
termines the structural dynamics and how the different components
behave as a compound as the dynamic mechanical behavior of lithium-
ion cells is strongly determined by the interfaces and the boundary
conditions [102].

While the separator, as could be seen in the temperature sensitivity
(Section 4.4), significantly dominates the structural response of the
investigated new pouch cells, other effects might dominate the sensi-
tivity from the SOH. During aging, passive layers as the solid electrolyte
interface (SEI) are formed in the cell [103,104]. This causes a volume
expansion of the electrode stack inside the pouch foil. Consequently,
the pressure might rise inside in the cell due to the outer constraints
given by the pouch foil, e.g., changing the porosity of the separator.
This could cause an increased stiffness of the cell due to outer con-
straints. Other possible explanations are the changed electrode-se-
parator interfaces because of passive layers on the electrode surfaces as
well as changes in the structure of the porous electrode itself due to the
repeated volumetric changes caused by aging. If the underlying me-
chanisms for the sensitivity of the structural dynamics from aging shall
be understood in detail, we recommend to perform the procedure of
experimental modal analysis, as presented in this work, at various
points in time during an aging experiment. As the method in this
publication is non-destructive, the experiment can be done on the same
cell for many different state of healths. With a well-designed aging
experiment, e.g., promoting lithium-plating or SEI growth through the
right combination and variation of conditions, as temperature, charge
and discharge current, SOC range and cell bracing, the effect of dif-
ferent aging mechanisms on the stiffness of the cell might be explored.

Our study in this publication, reveals several sensitivities of the
structural dynamics. While many studies in the literature are con-
centrated on the influence of different SOC levels, we emphasize an
additional focus on the influence of temperature and aging and the
effect of the excitation level due to nonlinear effects. The obtained in-
formation, including mode shapes, can be used to investigate possible
failure mechanisms caused by vibration, according to the approach
given in the introduction. This shall help to, for example, understand if
a possible failure depends on stress or strain, if the acceleration of tests
is possible or which cell deformation pattern has to be avoided through
pack design, to name only a few examples.
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Fig. 8. Variation of SOH showing high sensitivity to the SOH especially for a) natural frequencies f,., with increased stiffness for aged cells and b) damping ratios £,.

5. Conclusion

In this work, the structural response of lithium-ion pouch cells was
investigated. The structural dynamics were measured including the
characteristic mode shapes. The sensitivities on excitation level, tem-
perature, SOC and SOH were shown.

Therefore the test bench has been enabled to measure cells of dif-
ferent weight and size, proven with consumer cells of 2.1 Ah. The test
bench can be adapted to larger and heavier cell types and sizes by the
adoption of the support springs and if required an adjustment of the
stinger length.

This work revealed the following key takeaways. They are struc-
tured into method-related conclusions (with respect to EMA) and
findings-related conclusions.

Method-related conclusions:

1. Lithium-ion pouch cells have shown strong nonlinear dynamics;
therefore, the concept of modal analysis has to be used with care.
Sine sweep can be used for further analysis. Signals of random
nature are preferable if a linear approximation is desired.

2. Lithium-ion pouch cells show high modal density and high damping
values compared to an aluminum dummy for example. Therefore,
the usage of an MDOF-fitting procedure in contrast to an SDOF-fit-
ting procedure is emphasized.

3. The obtained data can be used to parameterize FEM models of the
cells and to calculate stress and strain distributions as a prerequisite
to understand potential fatigue or to obtain elastic parameters of a
full cell, including all interfaces through fitting of a proper model.

Findings-related conclusions:

1. The effects of nonlinear stiffness and damping of lithium-ion pouch
cells in the case of vibration excitation have been underrepresented
in the available literature up until now. Nonlinear cubic softening as
well as nonlinear quadratic damping could be shown. The effect of
nonlinearity has to be considered in safety testing and whether tests
should be accelerated by amplitude scaling.

2. The sensitivity analysis of SOC, temperature, and SOH showed that
thermal expansion and cyclic aging have significantly higher influ-
ence on the structural response of lithium-ion pouch cells than li-
thium intercalation and the respective change in the SOC.

3. The mechanical behavior of single components (e.g. electrodes or
separators), obtained by component testing can significantly differ
from the behavior of these components as part of a full cell.
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Appendix A

Table A.1 shows the reproducibility of the SOH-related measurements by means of the spread of each measurement triplet. The reproducibility is
again best for mode 1 and mode 2, same as for SOC investigation. Mode 3 shows better reproducibility as in SOC variation. Mode 4 has higher

reproducibility for the new cells (spreads Af, of 19.4 Hz up to 43.7 Hz) as for aged cells (spreads Af, of 44.9 Hz up to 132.4 Hz). Mode 5, in contrast,
shows the opposite behavior with spreads Afs of 7.6 Hz up to 44.7 Hz for aged cells and spreads Afs up to 101.7 Hz for new cells.

Table A.1

Maximum absolute spread for each measurement triplet of each cell in SOH investigation.
SOH Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Af1/Hz A& Af>/Hz ASo Afs/Hz Al3 Afy/Hz ALy Afs/Hz Als

New 1 6.8 0.36% 12.8 0.20% 40.1 0.65% 19.4 0.04% 42.5 0.92%
New 2 2.6 0.02% 2.7 0.08% 8.8 0.02% 35.0 0.32% 101.7 3.43%
New 3 5.5 0.29% 8.8 0.64% 15.3 0.30% 25.8 0.63% 80.6 1.92%
New 4 1.7 0.34% 3.3 0.14% 6.0 0.25% 43.7 0.24% 19.3 0.55%
Aged 1 2.4 0.18% 14.7 0.26% 27.7 0.23% 111.6 0.18% 44.7 0.63%
Aged 2 8.8 0.19% 14.8 0.10% 5.3 0.11% 94.6 1.22% 7.6 0.31%
Aged 3 5.3 0.15% 12.8 0.17% 23.8 0.35% 65.2 0.61% 34.7 1.36%
Aged 4 2.7 0.08% 4.1 0.84% 10.0 0.27% 44.9 0.87% 23.6 1.83%
Aged 5 6.2 0.17% 13.0 0.29% 30.0 0.60% 132.4 1.10% 43.8 0.21%
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7 Structural dynamics of lithium-ion cells — Part I1: Investigation

of large-format lithium-ion prismatic cells and method evaluation

In the following, the third core-publication [110] is briefly introduced.
Introduction and motivation

This chapter and the respective publication [110] are based on the test bench developed in Chapter 6
and [109]. A large-format lithium-ion prismatic cell is under test to investigate the influence of the
constraints due to the hard case cell and to see if any harmful displacements inside the cell occur. This
could be possible as a result of initial gaps between the four jelly rolls and the casing, as it was
detected with force measurements and for another prismatic cell in [69]. Less tight cell packaging in
comparison to, for example, 18650 cells is also mentioned in literature [128,129]. This is especially
interesting, since the negative effects of insufficiently constrained cell components with respect to
vibration durability have been already proven in the case of 18650 cells [84,99]. As cells with a
nominal capacity of 94 Ah pose a significant safety threat, costly and sophisticated measurement
setups are required for durability tests. For that reason, a characterization beforehand makes sense to
narrow down the required variation of parameters as SOC, SOH and temperature.

Addressed objectives

This chapter and the respective publication [110] are the basis for the evaluation of several failure
mechanisms, e.g., the possible mechanism of abrasion of the jelly rolls due to relative displacement,
and therefore addresses Objective 1 (failure mechanisms) and Obijective 2 (failure modes).
Obijective 3 (influencing factors) is in the center of the investigation through the sensitivity analysis
for variation in SOC, SOH and temperature. Objective 4 (methods) is briefly investigated because
nonlinearity is considered but with lower importance and depth than in Chapter 6. Since the direct
comparability of the results for pouch cells and prismatic hard-case cells delivered interesting results,
the publication [110] contains an evaluation of the EMA, directly answering to Objective 5 (EMA
potential).

Key results

The investigated large-format prismatic cells show sensitivity to SOC, temperature and aging for both
natural frequencies (stiffness) and damping ratios. Interestingly, as depicted in Fig. 20 and Fig. 22
thermal swelling causes the cell to soften and to become less damped, while intercalation-induced
swelling causes the cell to harden and to become more damped. This is an interesting outcome, since
both mechanisms cause the jelly rolls to swell inside the hard casing. This is an indication for the
complex interdependencies of interfaces and boundary conditions, making the cell more than a simple
sum of its components. This notion is further supported by the comparison of pouch cells and
prismatic cells. While the temperature sensitivities of the natural frequencies for the pouch cells in

92



Structural dynamics of lithium-ion cells — Part I1: Investigation of large-format lithium-ion
prismatic cells and method evaluation

Fig. 19a and Fig. 20a are similar — softening for higher temperatures, Fig. 19b and Fig. 20b show
contrary behavior for the damping ratios. As discussed in [110], this is assumed to happen due to the
constraints through the casing and the respective interdependencies.
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In the case of SOC variation, there is also a significant difference. While there is nearly no sensitivity
in the case of the pouch cells for both natural frequencies and damping ratios in Fig. 21, the prismatic
cell in Fig. 22 exhibits significant sensitivity with hysteresis behavior and a slope, like prior reported
graphite swelling behavior. The deviating damping behavior of mode 1 in Fig. 20b for temperatures
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below 24 °C and the missing hysteresis for SOC below 15% in Fig. 22 have been attributed to a
possible gap between jelly roll and casing if both intercalation-induced swelling and thermal swelling
are low.

Results with regard to the objectives

This chapter and the respective publication [110] delivered interesting insights into the effect of the
inner cell design and the parameters SOC, SOH and temperature according to Objective 3 (influencing
factors). Identified gaps between jelly rolls and casing might influence the vibration durability,
addressing the topic of the inner cell design. In addition, the sensitivities revealed that a cold cell with
a high SOC is both stiffer and more damped than a heated cell with a low SOC (e.g., at the beginning
and end of an EV-ride in winter). This could have an impact on the failure mechanisms and their
frequency of occurrence. This phenomenon pertains to Objective 1 (failure mechanisms) and
Objective 2 (failure modes). Clarification if, or which, failure mechanism can occur is part of the
Outlook in the next paragraph. It could not be included in this thesis in detail. Regarding Objective 5
(EMA potential), EMA is considered as a method with potential for the future, e.g., to parameterize
FE models, to estimate elasticity of a cell in its entirety comprising all interfaces and boundaries or
to be used as a method for diagnosis in the laboratory.

Outlook

EMA has a high sensitivity and can be valuable for future laboratory experiments. It might be used,
for example, to detect gaps inside lithium-ion cells [110]. This possibility could be the motivation for
more detailed investigations, e.g., if the structural response is sensitive to interesting and important
effects such as lithium plating. Of course, the results for the prismatic cell can be also used for
parameterization of an FE model in a similar manner as in Chapter 8 for the pouch cells from
Chapter 6. Then the vibration durability of the investigated cell could be addressed with specialized
experiments, e.g., to cause the jelly rolls to move inside the cell in a specific manner. Initial attempts
at resonance excitation have been already performed and caused a cell casing failure, but further
research is required here (see Appendix A.2).
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ARTICLE INFO ABSTRACT

A recently introduced test bench for experimental modal analysis of lithium-ion cells is used to investigate the
structural dynamics of large-format prismatic cells for battery electric vehicles. To our knowledge, it is the first
experimental investigation of the structural dynamics of a single lithium-ion prismatic cell in literature.
Significant differences in the sensitivity of the natural frequencies on the state of charge (SOC), compared with
previous pouch cell investigations, can be observed, likely due to different boundary conditions through the cell
casing. The natural frequencies follow the staged characteristic of anode swelling due to lithium-intercalation
with an hysteresis behavior. Linear characteristic is seen in the temperature sensitivity, which is known from
thermal swelling of the separator. Mode shape analysis indicates displacement of the jelly roll inside the new
cells due to an initially present gap, while aged cells show significantly changed dynamics. Mode shapes and SOC
sensitivity indicate a potentially stressful situation for the jelly rolls in the case of vibrational load, especially for
new and unconstrained cells. The obtained natural frequencies and mode shapes can be used to design vibra-
tional abuse experiments for maximum stress, so as to better understand if vibration can be harmful to lifetime
and safety.

Keywords:

Lithium-ion cell
Experimental modal analysis
Lithium-ion safety
Structural dynamics
Vibration durability

Aging

1. Introduction prismatic shape and the lower number of cells and cell connections

required, due to the higher cell capacity, thus reducing assembly effort

Lithium-ion cells are one of the key components in the evolution of
environmentally friendly and sustainable technologies to limit the
emission of greenhouse gases [1], because the battery significantly in-
fluences performance, cost and safety of e.g. hybrid electric vehicles
(HEV) or battery electric vehicles (BEV) [2]. Lithium-ion batteries are
preferred due to their advantageous specific energy and energy density,
low self-discharge, high energy efficiency and long lifetime [3]. Li-
thium-ion cells exist in three main shapes and kinds of casing: cylind-
rical hard-case cells (most of the 18,650 type and, recently, the new
21,700 type), pouch or coffee bag cells with a soft casing and prismatic
hard-case cells [3,4].

Prismatic hard-case cells are used nowadays for example in HEVs
(e.g. Ford Fusion Hybrid) [5] and in BEVs (e.g. BMW i3) [6]. Their
advantages are the simple and dense packaging of the cells due to their

[6]. At the same time, the jelly rolls of a prismatic cell are less con-
strained inside the cell case in contrast to cylindrical 18,650 cells [7,8].
This less rigid packing could pose a risk in the event of vibration if a
critical relative displacement of inner components occurs. In the case of
18,650 cells, it is already proven that loose inner components, such as
the inner mandrel in the middle of the jelly roll, can cause internal short
circuits and the destruction of safety devices in the case of dynamic
loading, e.g. vibrations or shock [9]. Although there are some pub-
lications available which examine the influence of vibrations on 18,650
cells [9-15] and pouch cells [9,16], there is no robust research re-
garding the influence of vibrations on safety and lifetime of prismatic
cells.

In general, literature about the mechanical impact on lithium-ion
prismatic cells is limited, as can be seen in the overviews given in two

Abbreviations: BEV, battery electric vehicle; CC, constant current; CC-CV, constant current-constant voltage; CV, constant voltage; DOF, degree of freedom; DPM,
driving point measurement; EMA, experimental modal analysis; FEM, finite element model; FRF, frequency response functions; HEV, hybrid electric vehicle; IR,
infrared; LSE, least square error; LSCF, least square complex frequency; MAC, modal assurance criterion; MDOF, multi degree of freedom; MIF, mode indicator
function; MOV, modal overcomplexity value; NVH, noise vibration harshness; RMS, root mean square; SDOF, single degree of freedom; SNR, signal to noise ratio;
SOC, state of charge; SOH, state of health; SUT, system under test; TM, transfer measurement
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reviews [17,18], listing the fewest of all for prismatic cells in compar-
ison with pouch and cylindrical cells. Oh et al. undertook pioneering
research in the field of prismatic cells [5,19-22]. They reported their
results regarding the swelling of a lithium-ion prismatic HEV cell with
regard to C-rate dependence [5] as well as temperature and SOC [19],
identified and compared two swelling mechanisms - lithium-ion in-
tercalation-induced swelling and thermal swelling [5,20] - together
with the respective swelling shapes [5,20] and thickness expansion [5].
Furthermore, they developed force and swelling models for prediction
and health management [21,22] based on their previous findings.

One important parameter, related to swelling, is the stress generated
inside the lithium-ion cell, since this stress can influence lifetime and
performance [23-31]. The effects of stresses on electrodes have been
investigated on the micro-scale inside electrodes [32,33]. Wu et al.
investigated the stress in the separator due to intercalation, tempera-
ture and the mismatching of thermal expansion coefficients in a cell,
and found that the effects are not a simple summation, but that
boundaries play an important role [34]. Valentin et al. investigated the
interface stress due to thermal swelling with a linear isotropic approach
[35]. Stress-strain behavior and the failure of a wide range of different
separators has been measured to investigate, for example, sensitivity to
electrolyte wetting [36-39], temperature and strain rate [36,40,41],
strain levels [42], the type of separator [43] and the effect of ceramic
coating [38]. Shi et al. found the corners to be the area with highest
stress levels in the separator [44]. Stress-strain relationship has been
also measured for electrodes [42,45,46] and cell casing material [47]. A
decreased fracture strength of lithium-ion cell components (foils and
electrode coatings) for cycled cells was reported by Dai et al. [48]. The
failure of lithium-ion cells due to indentation or mechanical abuse has
been reported such as to identify the levels of force load, stress or strain,
at which failure occurs, given a wide range of parameters
[17,46,49-55]. Adams et al., used a nano-impactor to investigate the
effect of dynamic impacts on lithium-ion cobalt oxide (LiCoO,) cath-
odes with up to 1000 repetitions and reported, for example, accelerated
capacity fading [56]. Chen et al. reported on the high-speed impact on
lithium-ion cells and revealed a higher relevance of the cell design in
comparison to quasi-static loading conditions [57]. Zhu et al. reported
about the strengthening of battery cells under dynamic loading com-
pared to quasi-static loading and found that the electrolyte increased
the battery's mechanical resistance [58].

The presented literature above, which is only an excerpt as the
complete extent of the literature on mechanical abuse and component
characterization is far too numerous, shows that much research work
has been undertaken to understand stress and strain inside lithium-ion
cells under static, quasi-static and dynamic abuse conditions. There are
also reviews available for the interested reader [17,18]. At the same
time, there has been relatively little investigations into low stress and
strain levels with a high number of repetitions, which can be caused, for
example, by vibration during operation. This paper and the preceding
part I [59] are intended to set the foundation for a detailed investiga-
tion of the stress which occurs during vibration. Stress is important
since it is the cause of fatigue as a possible failure mechanism in the
course of repetitive loading [60]. Since stress inside a lithium-ion bat-
tery is a quantity which is difficult to measure, especially under a free-
free condition in vibration testing, finite element models must accom-
pany the research. For the successful parameterization of these models,
information about the structural dynamics of the lithium-ion cells is
mandatory.

In order to obtain these parameters, the chosen method in this series
of papers is the experimental modal analysis (EMA). Modal analysis is
an important method to understand the extent and location of severe
vibration stress [61]. The structural dynamics of a system under test
(SUT) can be captured by means of natural frequencies (also called
eigenfrequencies), damping ratios and characteristic mode shapes of
each natural frequency of the SUT [62,63].

The knowledge about natural frequencies and damping ratios is

Journal of Energy Storage 28 (2020) 101246

required if a thorough understanding of vibration-caused stress and
potential fatigue shall be established as they strongly depend on these
parameters. Excitation at a natural frequency can in particular cause
high levels of mechanical stress on the system under test. Mechanical
failure can therefore sometimes be attributed to the excitation of the
preferred motion of the system. [60,64]

The knowledge about the structural dynamics of the cell can be used
to define new experiments, by applying periodic stress to reveal po-
tential failure mechanisms, e.g. due to relative displacements with
subsequent stress localizations and fatigue. The approach is comparable
to a number of test procedures aimed at triggering a short circuit of
lithium-ion cells on purpose, e.g. [65,66]. In addition, the sensitivities
from load parameters (e.g. vibration amplitude), cell state parameters
(e.g. state of charge (SOC) and state of health (SOH)), and ambiance
parameters (e.g. temperature) are identified in order to reveal possible
operational points with the higher risk level.

The structural parameters are also required to use common damage
evaluation methods, such as fatigue damage spectrum (FDS) [60] and
shock response spectrum (SRS) [64]. Additionally, the nonlinear effects
and therefore the sensitivity to the excitation must be understood since
nonlinear effects can significantly influence damage and fatigue [67]. It
is hence useful to understand the structural dynamics, to also better
understand the application and results of FDS and SRS for comparison
of load profiles, as it has been done in [68,69].

The presented research aims to reveal possible failure mechanisms
for different cell formats, in order to understand possible impact of
vibrations on the safety and lifetime of lithium-ion cells. If specific
failure mechanisms are revealed and - only at that point - the applic-
ability of methods as SRS and FDS, damage accumulation models or test
acceleration methods can be investigated for their usefulness and ap-
plicability in battery research.

To the authors' knowledge, no publication exists, which investigates
single prismatic or, in general, hard-case cells without module con-
straints, using EMA. Volk et al. [70] used the EMA on prismatic cells in
a pack configuration with a focus on the influence of SOC and SOH
variation. No statistically significant influences of SOC and SOH were
reported, structural variations due to manufacturing tolerances were
reported to be more significant [70]. Finite-element-based modal ana-
lysis for prismatic cell packs was performed in [71] to investigate the
influence of SOC, aging, cell-to-cell variation and design modifications
of the pack, with the goal of an enhanced design and states identifi-
cation. A similar approach for a lithium-ion pouch cell pack was per-
formed in [72], considering pre-stress effects and cell-to-cell variations
with respect to stress localization. Both approaches are purely simula-
tive, and without experimental background. While in [70], no sensi-
tivity to the SOC on pack level was found, a dependence of the elastic
modulus from SOC has been included in [71]. Considering these dis-
crepancies, there is a need for further investigation to increase knowl-
edge about what really happens inside a lithium-ion cell during vibra-
tion and how this is influenced by boundaries, e.g. due to the module
design.

Experimental investigations have been performed on single lithium-
ion pouch cells by experimental modal analysis in several publications
[59,73-76] with significant differences in the measurement setups
[59].

In this work, we investigate for the first time the structural dy-
namics of 94 Ah large format prismatic lithium-ion cells under free-free
condition and linear excitation, investigate the sensitivities to SOC,
temperature and aging history and conditions, and show the char-
acteristic mode shapes of both new and aged cells. All results are
compared to the findings for lithium-ion pouch cells [59], so as to
understand the impact of cell packaging and respective constraints.
Finally, the possible implications with regard to safety and lifetime, as
well as with regard to vibration testing, are given. Since this paper is
part II of the series about the structural dynamics of lithium-ion cells,
this paper contains a critical evaluation of the potentials and limitations
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of EMA for lithium-ion battery research. The main novelties of this
work are therefore: The first in-depth analysis of large-format prismatic
cells regarding structural dynamics; the comparison of different cell
formats to each other, which could be tested with an identical setup and
procedure because of the novel test bench and the critical discussion of
the future usefulness for EMA in lithium-ion cell research. It is further
novel, that swelling effects such as intercalation induced anode-swel-
ling and thermally induced separator swelling can be investigated from
a new perspective in terms of natural frequencies and damping ratios.

2. Experimental
This section includes an introduction to:

the EMA, the modal assurance criterion (MAC) and the modal
overcomplexity value (MOV), in Section 2.1

the test bench, in Section 2.2

the cells which serve as SUT and their current capacity and aging
history, in Section 2.3

the measurement procedure, in Section 2.4

- the SOC adjustment procedure, in Section 2.5 and

the mathematical background for linearity investigation, in
Section 2.6

The topics of EMA, test bench and mathematical background, have
already been covered in more detail in [59].

2.1. Experimental modal analysis (EMA) and modal assurance criterion
(MAC)

The modal analysis gives information about natural frequencies,
damping ratios and the respective mode shapes for each resonance
mode. Therefore, the so-called frequency response function (FRF) ac-
cording to Eq. (1) is measured. There are several representations for the
FRF, depending on whether displacement, velocity or acceleration are
the measured response to the force excitation F(w) [61,63]. Natural
frequencies and damping ratios can be calculated from one single
measurement of the FRF, if both excitation and response are not located
on a nodal point (motionless) for the respective resonance [62,77].

To get the characteristic mode shapes for each natural frequency or
resonance, the FRF has to be measured at different locations and or-
ientations on the structure. The mode shapes are typical patterns of
deformation, which occur if the SUT is excited at the respective natural
frequency. Roving excitation or roving response can be used. Each
measured position, in combination with the orientation, represents a
degree of freedom (DOF). If the DOF for both force and acceleration are
the same, it is a driving point measurement (DPM), while cross mea-
surements of different DOF are transfer measurements (TM). [61,62]

The possible types of obtained FRF are: receptance for displacement
response; mobility for velocity response; and accelerance or inertance
for acceleration response [78]. While accelerance is used in this work,
and is common for measurements [77], most basic literature uses re-
ceptance for the theory. In addition, through integration or differ-
entiation, each version of the FRF can be calculated. If the FRF in terms
of receptance is measured or calculated at several locations, the re-
ceptance matrix is gained. One element of this matrix a(w) is defined
according to Eq. (1) [61,62].

N n n
(@) = 5 — Z M
Fe

r=1

An? — @? @
Where:
- An is the complex eigenvalue or modal frequency of the n' mode (in

basic literature about EMA r is often used instead of n, but since we
used n in the first part of the paper, n is also used throughout this
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publication).

- ¢ is the normalized mode shape vector of the n'™ mode (equal to the
n™ column in the modal matrix [®]).

- j and k are points on the structure, with Fj being the force acting at
location k, and x; being the relative displacement response measured
at location j, therefore representing a DOF,

- N is the number of modes.

- and w is the circular frequency.

Mode shapes are dimensionless and arbitrarily scaled if not nor-
malized. The modal assurance criterion (MAC) is a mathematical
method to compare mode shapes with each other, e.g. if the EMA has
been performed with two different measurement techniques, such as
shaker testing and impact testing, or if experimental results and the
results of a finite element simulation are to be compared. The MAC
value is always in a range from 0-100%. A value of 0% indicates no
correlation of the two mode shapes, while 100% indicates perfect cor-
relation of the two mode shapes. [62]

Eq. (2) gives the mathematical formula to calculate the MAC value
for the two mode shapes or modal vectors {¢,} and {¢p} with n being
the number of elements in the modal vector. These are called modal
coefficients. The number of modal coefficients is equal to the number of
measured responses. [78,79]

g} e}
(3 {ead) x (ep}{e]) 2

MAC({g,}, {#)) =

In this work, the MAC is used to compare the different cells and
therefore, to have a mathematical quantity in order to be able to in-
vestigate the influence of aging on the cells under test and their
structural dynamics. This is done, because it is expected that the
swelling of the jelly rolls due to aging with a higher internal pressure
inside the cell can cause higher constraints with changed shapes of the
modes. The shapes can for example change, such that less relative
displacements near to the edges compared to the center of the cell
occurs. The MAC value can give a quantitative criterion of these
changes, since only optical investigation of the shape might lack of
objectivity.

The mode overcomplexity value (MOV) is based on the theory that
an added mass causes the natural frequency to decrease. Therefore, for
each measured node or DOF, a value is calculated, which is set to 0 if
the natural frequency increases due to the addition of a virtual mass,
while it is set to 1 if the frequency decreases or stays constant. The sum
of all these values weighted with the magnitude of the mode shape is
the MOV. A high value close to 100% indicates a physical mode, while a
low value indicates noise or computational nodes. [79]

2.2. Test bench and measurement setup

The test bench was introduced and validated in our preceding work
[59] and is depicted with the setup for this part of the work in Fig. 1.
The most important components are the TIRA S51140 force exciter
(TIRA GmbH, Germany) with maximum force F,, = 400 N, the am-
plifier BAA 1000 (TIRA GmbH, Germany), the m + p vibPilot eight-
channel controller (m + p international, Germany) for data acquisition
and control and a Bio-Logic VSP-300 (Bio-Logic Science Instruments,
France) with EIS module, 10 A booster and the software EC-Lab. The
shaker is incorporated into a safety chamber with webcam monitoring,
temperature regulation, gas detection and safety-relief valve. Tem-
peratures and cell voltages can be monitored using a PXI system from
NI (National Instruments, USA). In addition, an infrared (IR) sensor
optris CS (Optris GmbH, Germany) enables contactless temperature
measurements.

The software m + p Analyzer 5.1 (m + p international, Germany) is
used for the measurement and post-processing of the EMA. LabView by
NI (National Instruments, USA) is used for the control of the PXI system.



P. Berg, et al.

Gas detection

Metallic springs
IR sensor
Nylon strings

Accelerometer

Force transducer

Journal of Energy Storage 28 (2020) 101246

Biologic cell tester

vibPilot Controller

Amplifier
PXI safety system
Safety chamber

Shaker

Stinger

Clamping chuck \t—

l Stinger length

X et
|

Fig. 1. Depictions of the test bench and measurement setup with labeling of the most important parts, (a) safety chamber with shaker and measurement setup, (b)
measurement setup inside the safety chamber with the cell as SUT supported with springs and nylon strings in free-free-condition, (c) same as in b as a schematic for

an easier and quicker view.

The same force transducer and accelerometer as in [59] are selected
due to their low influence on the measurement, thanks to their small
size and weight, and their flexible cable connections. The force trans-
ducer used, is the Kistler 9712B5 (Kistler Group, Switzerland) weighing
19 grams with a measurement range of + 22 N and a sensitivity of
180 mV/N at room temperature (—0.009%/K temperature depen-
dence). The accelerometer is a PCB 352A73 sensor (PCB Piezotronics
Inc., USA) at only 0.3 grams with a measurement range of = 1000 g
and a sensitivity of 5 mV/g (—0.1125%/K approximated temperature
dependence [59]). Petro wax 080A109 (PCB Piezotronics Inc., USA) is
used for the sensor attachment.

A possible shaker-stinger-structure interaction is minimized by the
usage of the same stinger with a diameter of 1.5 mm and adjustable
length as in [59]. 50 mm has proven to be a good choice for the in-
vestigation of the prismatic cell, too. In terms of support for the SUT,
four linear elastic springs made of high strength cold drawn spring steel
with the following parameters are used:

- wire diameter d,, ;. of 0.7 mm

- length lgping of 60 mm

- suspension rate Kgyine of 0.093 N/mm
- preload Fy,;, of 1.08 N

- maximum displacement s,,,,, of 80 mm
- maximum load F,,, of 8.53 N

The static displacement s, can be calculated according to Eq. (3)

Mgyt _
So=|——— X 9.81ms™2 — Fpit | X Kepring
Nsprings

3

Hereby mgyr is the mass of the cell and ng,ng is the number of
springs used for support.

Two nylon threads are connected with two springs each and the SUT
is bedded on the nylon threads. For the SUT in this work with
msyr = 2.1 kg, the load per spring is 5.15 N (60.4% utilization capa-
city), and the static displacement sy is 43.71 mm (54.6% of Spax)-
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Table 1
Parameters of the prismatic cell which serves as the SUT.
Chemistry Graphite/NMC
Number of jelly rolls 4
Nom. capacity Cpom /Ah 94
Cell length [ ..y/mm 174

Cell height heepyror/mm
Cell height hgegp\r/mm

126 (without terminals)
133 (with terminals)

Cell thickness t..;/mm 45

Mass meey /kg Approx. 2.1
Charge cut-off Uy,q/V 4.15
Discharge cut-off Uppn/V 2.7

Therefore, sufficient reserve for displacement in terms of both tension
and compression, is provided.

By this setup, the cell is suspended as free as possible, because of the
thin stinger and the soft and linear springs. The thing stinger ensures
good force transmission to the SUT and at the same time allows free
perpendicular movement. The soft springs decouple the SUT as good as
possible from gravimetric influences while being linear at all time and
as soft as possible.

2.3. Cell samples under test

Four prismatic cells, designed for application in BEVs, are tested in
this work. Table 1 gives information about the cell. A schematic of the
cell is depicted in Fig. 2. The casing of the cell is covered with a thin
polyethylene terephthalate (PET) layer as standard to protect against
external short circuits. Additionally, a 3D-printed connector unit is
placed on top of the cell, to enable easy linkage of the cell with a four-
wire measurement system.

Two of the cells are new and electrically uncycled, while the other
two cells have been aged through electrical cycling, using 1C charge
and 2C discharge, prior to the investigations in this paper. One of them
has been electrically cycled under unconstrained conditions, while the
other one has been electrically cycled under constrained conditions.
The constraints during electrical cycling have been achieved with two
form-fit metal plates with an undefined pressure at the beginning of the
electrical cycling. The pressure then has risen during the electrical cy-
cling due to the respective swelling with possible effects on, for

Accelerometer
positions

'4\91 %

3D printed
connector
S unit
pacers Positive
contact

19
Jellyrolls

Current

clasps Negative

contact

Cell casing

Fig. 2. Schematic of the prismatic cell, is shown. The cell casing is illustrated
such that is somewhat transparent in order to show the internal construction,
with four jelly rolls, current clasps and four spacers. The 9 X 9 DOF matrix
chosen for mode shape investigation is depicted on the surface of the cell with
the respective accelerometer positions; the DOF of the main driving point
p33(2) is highlighted in blue. On top of the cell, an additional 3D printed
connector unit is attached for simple electrical connectivity.
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Table 2

Information regarding the electric cycling history and current state of the four
cells under test. In the case of the aged cells, the boundary conditions describe
only the state during electric cycling prior to the application of EMA.

Cell ID CN1 CN2 CAl CA2

State New New  Aged Aged

Actual C/20 capacity Czo/Ah 98.3 98.1 77.1 69.6

SOHc20 = C20/Crom /% 104.6 104.4 82.0 74.0

Aging protocol (Charge/discharge none none 1C/2C 1C/2C
rates)

Electric cycles none none 7250 7500

Boundary conditions during - - constrained  unconstrained

electric cyclic aging

example, lifetime of the lithium-ion cells [23,29]. Information re-
garding the history of the four cells is given in Table 2. During EMA and
the final capacity check-up prior to the EMA, all cells were un-
constrained, meaning that the only constraints are posed by the cell
housing itself.

2.4. Measurement procedure and parameters

The authors of this publication validated and optimized the pro-
posed test bench in preceding work [59]. Therefore, the adjustment of
the parameters is only covered in a brief manner here.

To capture the mode shapes of the prismatic cells, 9 x 9 equally
distributed DOFs (81 in total) are measured on the cells surface by a
roving accelerometer. The 81 DOFs are marked as accelerometer posi-
tions in Fig. 2. All DOFs are in through-plane direction (). One single
excitation at p33(z) has shown to be a good choice for the new cells
under test in this paper (highlighted in Fig. 2). For the aged cells, p33(z)
has been less suitable, since mode 1 changes its shape because of the
aging process, which is further discussed in Section 3.5. For this reason,
all three cells in Section 3.5 have been also measured at DOF p55(z) for
the analysis of aging. The preceding sections are based on measure-
ments with an excitation at p33(z) solely.

The mode shape comparison, using MAC, is performed using 9 x 9
FRF matrices, with the exception of the MAC analysis for the two new
cells. The latter is based on 5 X 5 FRF matrices, since these were
available and are sufficient to show the similarity of the cells CN1 and
CN2. For this, only measurements corresponding to the rows and col-
umns 1,3,5,7 and 9 of the measurement matrix in Fig. 2 were recorded.
One new cell is also measured using the 9 X 9 DOF matrix, for the sake
of comparison with the aged cells. The sensitivity studies, regarding the
variation of excitation force, SOC and temperature in the Sections 3.2,
3.3 and 3.4 use a single DPM at p33(2).

The cells under test in this work have shown significant damping
ratios and high modal density, which means that many natural fre-
quencies occur within a small frequency range [62,80]. Therefore, a
multi-degree of freedom (MDOF) fit with residual terms to account for
modes outside the region of interest is used. Burst random excitation
with a burst rate of 90% is used for linear approximation [67,81] of the
nonlinear dynamics and to avoid leakage effects [62]. Both excitation
and fitting procedure are therefore identical to part I [59].

The FRF of a damped system is always a complex function and must
be estimated [62]. The H1 estimator [62] is in use in this work and 50
or 25 (for the mode shapes analysis) measurements are averaged to
achieve sufficient signal to noise ratio (SNR). The frequency range for
the measurement is 20-6500 Hz with a block size of 32,768 samples, a
sample rate of 16,384 Hz and a frequency spacing of Afj;,. = 0.5 Hz. For
the investigation of the sensitivity to SOC and aging history, the EMA is
performed three times for each operation point and respective SOC
level. This accounts for possible reproducibility limitations due to the
required remounting at SOC adjustment or change of the cells.
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2.5. SOC adjustment

To check the sensitivity of the structural dynamics on SOC, one of
the new cells (CN2) is charged to 100% SOC with constant current (CC)
Itharge of 9.4 A (C-rate 1/10 Cpon) and subsequent constant voltage (CV)
phase of 4.15 V with charge termination at a minimum C-rate of C/20
Crom- In the following, CC discharge with |Ischarge| of 9.4 A (C-rate 1/10
Cnom) and sequential ampere-hour counting is used to adjust the desired
SOC steps (5% or 10% of Cpom). After draining 100% of C,,m the cell is
fully discharged with CC-CV (CC discharge with |Igscharge| Of 9.4 A, CV
at 2.7 V with the termination criterion of |Igischarge] < C/50).

After the full stepwise discharge, the cell is charged again with a CC
current Icperge Of 9.4 A and ampere-hour counting, to measure the hys-
teresis behavior. The previously discharged ampere-hour steps are
charged backwards to achieve identical SOC levels in both charge and
discharge directions for each measurement point.

After each step, the cell is allowed to relax for at least 30 min and
until the voltage relaxation is at least less than 1 mV/min, before the
EMA is performed. The SOC levels given for analysis in this work are
calculated afterwards with respect to the actual measured capacity for
all steps of discharge.

2.6. Half-power bandwidth calculations

If the SUT shows nonlinear dynamics, the homogeneity of the FRF is
distorted. This means that the FRFs are different for different excitation
levels, while for a perfectly linear system all FRFs shall be exactly the
same, no matter the level of excitation [67]. In order to check the
homogeneity of the obtained FRFs for varied excitation forces in detail,
the half-power bandwidth method [61] was adopted in [59] to calcu-
late the respective share of excitation force for each resonance mode.
The relevant RMS value of the force is calculated in the range according
to Egs. (4) and (5) with natural frequencies f,q., and damping ratios ¢,
for each mode n according to the procedure described in [59].

_ Af—3dB,n f + Af—SdB,n
2 2 4)

Af—3dB,n = Zgnfnat,n (5)

Wans Jonl = |

3. Results and discussion
Table 3 provides an overview of all investigations in this paper.
3.1. Natural frequencies and mode shapes

The measurement of the mode shapes with 81 DOFs in the through-
plane direction and excitation at p33(z), according to Fig. 2, revealed
two clearly identifiable mode shapes on the upper surface of one of the
new cells. Mode shapes are also obtained for the aged cells, but this is
dealt with in Section 3.5, where the sensitivity of the cell's structural
dynamics to aging and the respective aging conditions are investigated.
The two obtained mode shapes for the new cell are depicted in Fig. 3b,

Table 3

Overview of the investigations performed in this work and the chosen para-
meter settings (* Excitation level is a software value; resulting force level is
calculated afterwards).

Purpose/Sensitivity Cells Excitation* SOC /% Temp. / °C  Section

Mode shapes 1 new 0.01 0 25 3.1

Excitation level 1 new 0.01-0.1 0 25 3.2

soC 1 new 0.01 0-100 25 3.3

Temperature 1 new 0.01 0 17-38 3.4

Aging and aging 2new/2 0.01 (new) O 25 3.5
conditions aged 0.04 (aged)
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next to the DPM-FRF, and the natural frequencies in Fig. 3a.

A mode shape analysis covering all surfaces of the cell delivered no
beneficial information, because the main displacement occurs at the
biggest surface of the cell first. To measure the first natural frequencies
and the respective mode shapes, the big surface is the relevant one. The
alternating order of resonances (peaks) and anti-resonances (valleys) in
Fig. 3b indicates DPM and therefore the validity of this approach. If
higher order modes than in this paper, were to be investigated, then a
more complete geometric model of the cell would be beneficial, of
course. However, the investigations in this work revealed already that
higher-order modes overlap significantly due to high damping ratios
and especially due to a high modal density. The mode indicator func-
tion (MIF) could not reliably indicate further modes. A system with
distinct modes and light damping shows sharp drops in the MIF, while
the MIF for the investigated cells gets blurred for higher frequencies.
Additionally a poor SNR at higher frequencies makes a reliable mode
estimation impossible in that frequency range. Therefore, in this paper,
additional modes are neglected for the mode shape analysis of the new
cells.

The first resonance mode shape in Fig. 3 is very similar in its shape
to the swelling shape reported by Oh et al. [20,22]. The significant
movement, therefore, occurs in the area of the jelly roll and may show a
displacement of the jelly roll at this resonance. An interesting ob-
servation, which can be best seen in the videos of the supplementary
material, is that the maximum displacement is higher on the bottom
side of the cell, compared to the top of the cell. This could be caused by
the connection of the jelly roll with the poles on the cover of the cell
and a higher resulting stiffness.

The second mode shape has bi-directional phases for the two halves
of the cell, forming two “valleys”. The movement of the jelly rolls in the
case of resonance excitation may pose a possible risk for safety and
lifetime of the prismatic cells, if the displacement of the jelly roll
package causes a high stress level, e.g. at the welding joints of the jelly
rolls with the current clasps. According to literature, it is also re-
commended to avoid mode shapes that are similar to deformation
patterns caused by static loading conditions [61]. This makes the first
mode shape of the prismatic cell especially interesting, as it has a si-
milar deformation pattern to the quasi-static loadings due to lithium-
intercalation [22] and thermal swelling [19,20]. To determine if a
possible risk exists, further investigations based on finite element cal-
culations and load experiments with resonance excitation are required.
A more detailed investigation of the mode shapes is given in
Section 3.5, discussing both new and aged cells. The mode shapes are
introduced here, since these two modes are used for the sensitivity to
excitation force, SOC and temperature in the next two sections.

3.2. Investigation of potential nonlinearities

Previous investigations of lithium-ion pouch cells [59] showed
significant nonlinear effects with regard to stiffness, reflected in natural
frequency values, and damping ratios. Nonlinear cubic softening and
nonlinear quadratic damping were identified for different modes ac-
cording to the types of damping defined in [67].

Nonlinear structural dynamics are very important with respect to
damage and fatigue [60,67] because the severity of vibration or shock
depends on natural frequencies, and on the quality factor or damping
[60,64]. Both parameters can change significantly depending on the
excitation level, in the case of nonlinear behavior.

The excitation has been increased stepwise using the smallest
available step size in the Analyzer Software. The respective relevant
share of excitation force for each resonance mode is then calculated
according to the procedure explained in Section 2.6 since only force
excitation in the frequency region of interest is of relevance. The MDOF
fitting procedure is used to extract natural frequencies and damping
ratios.

Fig. 4 depicts the obtained results for natural frequencies fq., and
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Fig. 3. (a) Exemplary FRF magnitude from DPM with respective natural frequencies f,q., and (b) the two identified mode shapes of the upper surface measured on
one of the two new cells. Animated videos of the mode shapes are available as supplementary material.
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Fig. 4. Variation of excitation force and the effect on the results of the MDOF fit
in terms of (a) natural frequencies f,q., and (b) damping ratios ¢, for the two
modesn = 1 andn = 2. Only fits with an LSE < 5% in the respective frequency
range according to Eq. (4) are depicted.

damping ratios ¢, for the two modes 1 and 2 of the cell CN2. CN1
showed similar results and is therefore of little further interest. It is
obvious that for mode 2, fewer values are plotted. This is because only
fit results with a least-square error (LSE) < 5% in the region of interest
according to Eq. (4) are considered. In the case of mode 1, the fit de-
livered degraded results more quickly than for mode 2. This is an in-
dication that mode 1 has a stronger nonlinear characteristic than mode
2.

The positive outcome of this investigation is that the low excitation
levels do not significantly show nonlinear effects, which means that
reliable linear measurements can be made at low excitation levels.
Since excitation with a level of 0.01 caused the lowest overall LSE (e.g.,
1.00% for CN1 and 0.84% for CN2), this level has been chosen for the
new cells in the upcoming investigations. The LSE values for the fittings
are further given in the Appendix in Table A.1.

The natural frequencies fq., in Fig. 4a are only slightly influenced
by the excitation level in the given frequency range. The damping ratios
¢n also have much lower sensitivity to the excitation level, compared to

the observations for pouch cells. For example, for the small pouch cells,
the increase in damping for mode 2 was nearly threefold in the in-
vestigated range. [59]

It must be said that a direct comparison is difficult, due to the very
different masses of the two cells (43 grams for the pouch cells [59] and
approx. 2100 grams for the prismatic cells in this work). The maximum
achieved RMS force level with the current transducer setup is only
approximately 10 times higher for the prismatic cell, while the cell
weight is approximately 50 times higher. Therefore, a force transducer
with a higher measurement range would be required, but since the
MDOF already showed a degraded LSE, this has not been included in
this work.

3.3. Influence of SOC

One of the two new cells (CN2) was investigated for its sensitivity to
the SOC according to the procedure described in Section 2.5. Fig. 5
depicts the results of the MDOF fit for both natural frequencies f,q,, and
damping ratios ¢, of the two first modes in the case of SOC variation for
the new cell CN2. Three measurements were taken at each

1000 F"
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-
= 600f =—}— Mode 1 - discharge | 7
=== Mode 2 - charge
== Mode 2 - discharge
400 | . | !
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SOC/ %
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Fig. 5. Variation of SOC and the effect on (a) natural frequencies fq., and (b)
damping ratios ¢,, both showing hysteresis behavior with charge curves above
discharge curves.
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measurement point, with a reassembly of the test setup prior to each
measurement, in order to account for measurement uncertainties. The
markers represent the mean value from each measurement triplet for
each measurement point. The spreads due to reproducibility limitations
are included with bars, stretching from the minimum to the maximum
measured value of the three repetitions.

Natural frequencies can be measured in a very reproducible manner
with low spreads. The spread is defined as the absolute difference be-
tween the maximum measured value and the minimum measured value
in each triplet for both natural frequencies and damping ratios ac-
cording to Egs. (6) and (7).

Af;l = max nat,n,1° f;zat,n,Z s f;lat,n,S) — min nat,n,1° f;lat,n,z ’ f;lat,n,S) (6)

Agn = rna‘x(gn,l7 gn,Z’ gn,S) - min({n,l’ {n,Z’ {n,3) (7)

The mean value of all natural frequency spreads Af, for all mea-
surement triplets is 4.8 Hz for mode 1 and 3.1 Hz for mode 2. The
damping ratio shows mean spreads A{, of 1 percentage point for mode
1 and 0.4 percentage points for mode 2. The maximum spread is 2.6
percentage points and 1.1 percentage points respectively. The quanti-
tative spreads are also depicted in detail in the appendix in Table A.2.

One visible main characteristic of SOC sensitivity is that both nat-
ural frequencies and damping ratios show hysteresis behavior for
charge and discharge. Aside from one outlier for the damping ratio at
60% SOC and the low SOC range at SOC<15%, the values obtained
during discharge are lower than the values during the charge. This
applies for both natural frequencies and damping ratios. In the range of
SOC lower than 15%, the hysteresis is negligible.

During charge, the graphite anode is lithiated, while during dis-
charge the graphite anode is subject to delithiation. Hysteresis behavior
for the thickness change of graphite anodes due to lithium-intercalation
and -deintercalation has been reported before using dilatometry mea-
surements. The thickness during lithiation was below the thickness
during delithiation. [82]

One possible explanation for the non-existent hysteresis for low
SOC, is that the jelly rolls in such a new cell (less than 3 charge-dis-
charge cycles) have enough space for volume expansion inside the
casing, up to 15% SOC from where it might then reach the inner surface
of the housing.

Rieger et al. reported a reversible thickness change of 7% for the
graphite anode and an overall thickness change of 2.4% of the pouch
cell including all components during a full discharge. The pouch cell
had a thickness of 6.5 mm. Statistical analysis of the 1D through-plane
displacement fields revealed a 1D displacement of 120 um when the
pouch cell was charged from 0-79% SOC. They also reported a mean
displacement of approx. 32 um for one pouch cell, obtained using laser
scanning, for an SOC of 17%, which is close to the above mentioned
15% SOC, at which the jelly rolls might fill the gap between the jelly
rolls and the cell housing. [82]

Given a thickness of 45 mm of the cells in this work, minus two
times an approximated wall thickness of 1 mm for the casing the
thickness change Atjeyyrous,ine Of the prismatic cell from 0-15% SOC, can
be therefore roughly approximated according to Eq. (8).

(45 — 2) mm
—— X 0.032 mm = 0.212 mm

At; int =
Jjellyrolls,int 6.5 mm (8)

According to this rough estimation, the fully discharged new cell has
an approximated initial total gap of around 212 pm. This is further
cross-checked with the temperature sensitivity in the next section.

The natural frequencies increase for both modes for higher SOCs. In
the case of mode 1, the natural frequency f,q.1 is decreased by 241 Hz
for full discharge and increased by 278 Hz for charge from 0-100%
SOC. The difference at 100% SOC at the beginning and the end of the
test can be existent due to a settling behavior of the cell and its com-
ponents. During initial SOC adjustment and storage, the cell was
standing upright, while during the EMA the cell was lying horizontally.
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The discharge value for mode 1 at 100% SOC could therefore differ a
little and the value from charge is more reliable. For mode 2, the total
change due to discharge and charge are 174 Hz and 172 Hz respec-
tively.

The gap between the two modes hence becomes smaller when the
SOC is increased during charge. The difference between the first and
second natural frequency is 262 Hz at 0% SOC and 156 Hz at 100%
SOC. For both modes, the slope of the natural frequencies can be sub-
divided into three areas: one in the range of approx. 0-35% SOC; one in
the range of 35-55% SOC; and the third one in the range of 55-100%
SOC. The same characteristic slope, in a qualitative manner, with si-
milar SOC ranges has been reported for the intercalation-induced
swelling of lithium-ion cells with graphite anodes [19] and for the
graphite anode itself [82]. The characteristic slopes have been attrib-
uted to the phase transitions of the graphite anode [19]. Therefore, the
structural dynamics of the investigated prismatic cell is strongly de-
termined by the intercalation-induced swelling and the respective
change in the elasticity of the graphite anode, and shows high sensi-
tivity to the SOC.

This is in contrast to the observations for pouch cells, performed on
the same test bench. The structural dynamics of the investigated pouch
cells did not show identifiable sensitivity to the SOC. [59]. Since both
cells contain graphite anodes, it is thus shown that the behavior of one
component as the anode cannot be treated in an isolated manner.

A lithium-ion cell is not only the simple sum of its elastic compo-
nents and their elasticity parameters, but that the overall structural
dynamics is strongly influenced by the structural interfaces and the
boundary conditions, e.g. when comparing a soft pouch cell vs. a rigid
aluminum case and the respective differences in stress and strain.
Therefore, experiments to measure the elastic properties of single
components must be performed, evaluated and applied with care. The
electrochemically active materials cause the structural dynamics to
change, but in conjunction with the somehow rigid casing.

With regard to the damping ratio, increased hysteresis in the
medium SOC range can be seen, in contrast to SOCs below 15% and
higher than 90%. Both stiffness and damping ratios therefore show the
most pronounced hysteresis for similar SOC values. Mode 1 shows an
increased damping ratio due to the intercalation and the subsequent
swelling with what is probably an increased quasi-static stress level
inside the hard case for higher SOC. Mode 2 has comparable damping
for both fully charged (100% SOC) and fully discharged (0% SOC)
states.

The different sensitivities of the damping ratios of both modes to
SOC can occur due to different damping effects. While for mode 1 all
jelly rolls move in phase towards the casing, in the case of mode 2 a
torsional behavior of the jelly roll occurs. This can cause different
normal and shear stresses with other damping effects coming into play,
e.g. more friction between jelly roll and casing in the case of mode 1
and higher layer-to-layer friction in the case of mode 2. It is interesting
to perform the same measurement for the pouch cells from [59] too, in
order to see if the damping ratio hysteresis is related to the inter-
dependency with the casing or not.

The high sensitivity of both natural frequencies and damping ratio
to the SOC as well as the current direction (charge or discharge) can
have an impact on the vibration testing of prismatic cells. Testing at
different SOCs is recommended. A lower SOC is expected to be more
critical for mode 1 with respect to mechanical stability, because the
damping ratio for the first mode is reduced, which is likely due to the
smaller volume of the jelly roll in its discharged condition. The lower
damping ratio is similar to a higher Q-factor, which is usually more
critical with respect to fatigue [60]. In addition, the reduced stiffness
for lower SOCs with lower natural frequencies make critical resonance
excitation in the automotive application more likely, since the power
spectral density of automotive vibrations is higher for lower frequencies
than for higher frequencies in most cases [83,84].
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Fig. 6. Variation of temperature (measured on the cell surface with the IR
sensor) and the effect on (a) natural frequencies f,,q» and (b) damping ratios ¢,.
Both natural frequencies and damping ratios are reduced for higher tempera-
tures. Scattered lines are linear fits to the plotted MDOF fit data value.

3.4. Influence of temperature

To understand the sensitivity of the structural dynamics of lithium-
ion prismatic cells to cell temperature, the EMA of the cell was mea-
sured at different temperature levels with DPM at p33(z). To ensure the
reliable characterization of the temperature sensitivity of the SUT, a
significant influence of the measurement equipment used, must be
avoided. The negligible influence of the measurement setup and the
sensors (force transducer and accelerometer) on the accuracy of the
results was proven in [59].

The temperature was varied from low to high values. After the
temperature-controlled safety chamber reached each target tempera-
ture, the cell was allowed to obtain thermal equilibrium for 30 min and
the first FRF was measured. The FRF measurement was repeated after
an additional 15 min (45 min for equilibrium in total). The surface
temperature of the cell was measured with the IR sensor at the upper
cell surface. This surface temperature is depicted in Fig. 6 with the
results of the MDOF fit. The two circles appearing as a pair for both
natural frequencies f,q.,, and damping ratios {, are the respective
measurements after the aforementioned 30 and 45 min.

Both natural frequencies decrease with a linear negative slope. The
slope of fuq:1 is -3.0 Hz/K with a correlation coefficient of -0.99. The
slope of fuq 2 is -6.1 Hz/K, also with a correlation coefficient of -0.99.

The softening behavior of the cell (softening is associated with a
decrease in the natural frequency) for increased temperature could be
caused by thermal swelling, which is published to have a linear char-
acteristic in the investigated temperature range [19,20]. Furthermore,

Table 4
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it has been suggested in literature that the separator and the complex
shape of the cell play a critical role in thermal expansion [19].

Considering that the separator might be important for the structural
dynamics’ sensitivity to temperature, as was already discussed for
pouch cells in [59], the thermal expansion coefficients of the different
components in the cell are compared. Since no thermal expansion
coefficients are available for the specific cell in this work, values from
literature are taken into account. The separator has been reported to
have the highest thermal expansion coefficient a of the cell compo-
nents, with a,,, = 133.2 x 10~ °/K compared to 4.06 x 10~ ®/K for the
negative electrode, 8.62 x 10 ®/K for the positive electrode,
17 x 107 %/K for Cu foil, 23.6 x 10~ %/K for the aluminum foil and
12.4 x 10~ %/K for the electrolyte [34,44]. This correlates well with the
observation of the importance of the separator for the thermal swelling,
as made by Oh et al. [19].

While both intercalation-induced swelling and thermal swelling
cause an expansion of the jelly roll(s) and the cell [20], there is a dif-
ference between these two effects in terms of the structural dynamics of
the investigated lithium-ion prismatic cell. The intercalation-induced
swelling of the anode during SOC variation in Section 3.3 causes an
increase in stiffness for higher lithiation, whilst increased thermal
swelling causes the cell to soften. This may be due to changes in the
microstructure of the electrodes and the separator or may depend on
whether the separator or the electrodes swell and therefore occupy a
higher share of the cell volume.

Comparison of the results in this work with the previous work for
unconstrained pouch cells reveal a similar trend for the natural fre-
quencies with regard to temperature sensitivity, while the damping
ratios behave completely differently for the two different cell types.

The natural frequencies of the lithium-ion pouch cells in the un-
constrained condition have a similar correlation coefficients and ne-
gative slopes, with -11.9 Hz/K (—3.0 Hz/K for the prismatic cell) for
mode 1 and -7.4 Hz/K (—6.1 Hz/K for the prismatic cell) for mode 2.
[591]

In contrast, while the damping ratios in this work also have a linear
(mode 2) or approximately linear (mode 1 above 25 °C) characteristic
with a negative slope, the damping ratios of the pouch cells showed an
increase in a nonlinear manner, with a positive slope for increased
temperature [59]. An interesting comparison is possible with the work
by Oh et al., who reported zero or little nonlinear expansion of a cell
due to thermal swelling below 20 °C, while above 25 °C the expansion is
linear [19]. This behavior has been attributed to small initial gaps be-
tween the jelly roll and the can at low temperatures [19]. This initial
gap might be apparent in our investigated cell as well, causing non-
linear behavior of the damping ratio at low temperatures. Interestingly,
if this is the case, this gap does not have a similar impact on the stiff-
ness, since the natural frequencies show linear sensitivity to tempera-
ture across the entire investigated temperature range.

To further investigate the thesis of a possible gap between the jelly
roll and the casing, a coarse approximation for the expansion due to
thermal swelling is performed. To calculate the overall thermal swel-
ling, an effective thermal expansion coefficient of the cell is first cal-
culated by a rule of mixture, taking approximated thicknesses t; of the
different layers i for a unit cell into account according to Eq. (9) and
Table 4. The separator must be counted twice for one unit cell.

Approximated values for the calculation of an effective cell thermal expansion coefficient from the coefficients of all components i (electrolyte

neglected); expansion coefficients are taken from [34,44].

Component per unit cell

Approx. thickness t;/um

Approx. therm. exp. coeff. @; /1076 K™*

Anode active layer (two-sided) 330
Cu foil 15
Cathode active layer (two-sided) 200
Al foil 30

Separator (2x) 2 x 20 = 40

4.06
17
8.62
23.6
133.2




P. Berg, et al.

1

5
Seatl = DX =1521 x 1079/K

5
Zi:l L

In the preceding section about the sensitivity to SOC, an initial gap
of 200 um was approximated. Taking the value of
Geen = 15.21 X 107 /K for the unit cell into account, an approximated
jelly roll expansion Atjeuyrousm, uUsing the temperature difference
AT = 24 °C-18 °C = 6 K with non-decreasing damping for mode 1 in
Fig. 1, can be calculated with Eq. (10).

9

10-°
X 6K X 43mm

Atjellyrolls,th = ey X AT X tcell, inner = 1521 X

= 3.924um (10)

The term t ey inner describes the total initial thickness of the inner cell
components, respectively the jelly rolls. According to this approxima-
tion, a significant difference between the effective thickness change due
to intercalation Atjeyyrons,ine and thermal swelling Atjenyrous, i is obtained.
While the aforementioned values are calculated from component va-
lues, Oh et al. reported an experimentally determined thermal swelling
coefficient for a prismatic cell in the range of approx.
8 x 107 %-13 x 10~ */K depending on the measurement location for a
prismatic cell [19]. Rieger et al. reported a thermal expansion coeffi-
cient of the 6.4 mm thick pouch cell (same cell type as discussed in
Section 3.3 for the SOC sensitivity) of 1.1 um/K, which equals to
1.72 x 10~ “4/K when normalized to the cell thickness [85]. It becomes
obvious, that there is a wide range of reported thermal expansion
coefficients. Using a value of 10 x 10~ */K in Eq. (10), since this is in
the range of the values reported for a prismatic cell [19], the thickness
change due to thermal swelling would be approximately 258 pm, which
is close to the approximated 212 um swelling due to intercalation, until
the gap inside the cell is closed. Oh et al. also stated that the effective
thermal swelling is not the pure thermal swelling, but reflects all the
mechanical constraints and interfaces inside the cell [19]. The pre-
sented rough approximations provide for a gap between the jelly roll
and the casing as a possible important factor in the consideration of the
structural dynamics of large-format prismatic cells.

The variation in reported values in literature highlights a need for
further research to improve the understanding of the thermal swelling
phenomenon and its interaction in between the components, the in-
terfaces and the boundary conditions. A more detailed investigation
should incorporate the disassembly of the prismatic cell with an exact
measurement of all components and the determination of specific
thermal expansion coefficients, which is beyond the scope of this paper.

Considering the effect of boundary conditions due to mechanical
constraints with or without a gap and interfaces and varying tem-
perature, it appears that the damping ratios are more influenced by the
boundaries than the natural frequencies. For both pouch cells [59] and
prismatic cells, the natural frequencies decrease with increased tem-
perature, due to softening. In contrast, the damping ratio (at least for
mode 1), seems to be significantly affected by the boundary conditions
provided by the cell casing. The pouch cell showed a nonlinear increase
in the damping ratio upon an increase in temperature [59]. The pris-
matic cell shows an increase at the beginning in the range 18 °C to
20 °C, followed by a plateau and then a subsequent decrease of the
damping ratio. If there were a gap between the jelly roll and the casing
at low temperatures, the boundary conditions of the jelly roll in the
prismatic cell would be similar to the boundary conditions of a z-folded
electrode stack in a pouch cell with a soft casing, until such time as the
gap were filled. This similarity with little constraints, before the casing
ean gets in contact with the jelly roll, would therefore mean that the
casing causes the sensitivity of the damping ratio to change from a
positive slope to a negative slope.

Summarizing the observations regarding temperature sensitivity
and SOC sensitivity from both prismatic cells and pouch cells [59] the
following observations can be stated:

10
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- The effect of swelling (both intercalation and thermal) on structural
dynamics depends on the mechanical constraints provided by the
cell housing.

- While both cell types show softening due to thermal swelling, only

the hard case cell with higher constraints shows hardening due to

intercalation.

Whether swelling causes the investigated prismatic hard case cell to

soften (fyq,n decreasing) or to harden (f,qn» increasing) depends on

the physical origin of the swelling (thermal- or intercalation-in-
duced).

The sensitivities of the damping ratios are significantly different for

the two investigated cell types, since it mostly increases for a tem-

perature increase for a pouch cell, while mostly decreases for the
prismatic hard case cell.

Therefore, the different cell designs with different interfaces and
boundaries seem to cause very different dynamic behavior and different
sensitivities to the parameters of the cell or the ambiance. This is more
proof that the interfaces and boundaries are at least as important as the
components itself [57,59] and might be underrepresented in the lit-
erature.

Unfortunately, the current climate chamber setup does not reach
higher or lower temperatures due to limited insulation. Therefore, the
sensitivity of both natural frequencies and damping ratios cannot be
investigated for temperatures outside of the depicted range at the mo-
ment. If the temperature sensitivity continues in the same linear
manner for higher temperatures, high temperatures in operation could
significantly alter the structural dynamics and therefore the structural
durability of the lithium-ion prismatic cells.

With respect to vibration durability testing, the investigated pris-
matic cell should be tested at different conditions. A cell charged to
100% SOC at a temperature of 17 °C is much stiffer and more damped,
than a cell discharged to 0% SOC at an elevated temperature of 38 °C.
The natural frequency of mode 1 f4.1 for example changes from ap-
prox. 800 Hz to 500 Hz when discharged from 100% SOC to 0% SOC
and warmed up from 25 °C to 38 °C due to, e.g., ohmic losses. In ad-
dition, the damping ratio {; decreases from approximately 9% to 5%,
which means higher relative displacement and higher potential for fa-
tigue [60]. Testing or operation at temperature levels of 0 °C or 50 °C
might render this effect even more pronounced.

It would be interesting to repeat this sensitivity study with a wider
temperature range and with measurements at different locations on the
cell, as it was done by Oh et al. [19], so as to further investigate the
relevance of the jelly rolls, the boundaries through the housing, the
initial gaps inside the cell and the thermal swelling.

3.5. Influence of aging

In this section, two cyclically aged cells are investigated with re-
spect to natural frequencies, damping ratios and mode shapes and are
compared with the new and uncycled cell CN1. To make reliable and
meaningful comparisons between cells, the first step always has to be
the identification of the different modes, since the first mode of one cell
not necessarily is the first mode of another cell, too [59]. While the
driving point FRFs at p33(z) of the aged cells seem to have the same
characteristic - albeit frequency-shifted - shape as the new cells, mode
shape analysis revealed that two similar peaks in the two respective
FRFs can represent completely different modes. Another significant
difference between the new and aged cells is that the mode 1 from the
preceding sections could not be detected for the aged cell CA1 using
excitation at p33(z). This is probably caused by changes in the me-
chanical structure during aging.

The following procedure has been therefore defined to system-
atically compare the new cells and the aged cells:

1 The two new cells CN1 and CN2 were compared using MDOF fit and
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MAC analysis for existent 5 x 5-FRF measurements. Due to high
similarity, only CN1 is used for further comparison with the aged
cells.

2 The cells CN1, CAl and CA2 were investigated with 9 X 9-FRF for
both excitation positions p33(z) and p55(2).

3 MDOF fits of both 9 x 9 modal analyses were done subsequently.
Multi-reference fits, using both sets of results in one fitting proce-
dure did not reveal any advantages.

4 Poles of the FRF and the respective modes were identified using the
MIF and MOV values, as well as engineering judgment, in order to
differentiate between real physical modes and the effects of noise.
The high modal density, depicted through a very flat MIF curve
(clearly distinct modes are represented by distinct drops in the MIF,
which is not the case for the investigated prismatic cells) and
complex modes with non-proportional damping, make the identifi-
cation of the modes a non-trivial task. Adjustment of the region of
interest in the frequency range and the choice of the correct iden-
tified poles must be carefully done.

5 If a mode shape was found for both excitation positions, both optical
comparison and MAC analysis is used to check the correlation or
similarity of the modes. If the modes are assumed to be identical, the
mode obtained through the excitation position with the higher MOV
is retained for further comparison. This kind of MAC analysis is
called “auto-MAC” in this paper, calculating the MAC table for the
cell with itself.

6 Throughout these steps, four modes for each cell were identified,
which were investigated by “cross-MAC” and optical investigation
to identify correlating shapes. Cross-MAC is performed for each
possible combination of cells. This permitted an evaluation of the
similarity of the different mode shapes in between different cells.

7 The shapes of the modes are used to investigate the influence of
aging under constrained and unconstrained conditions.

8 Natural frequencies and damping ratios of correlating modes are
compared to investigate the effect of aging on stiffness and damping.
Please note that the present results with the limited number of
tested cells is the first investigation of this kind at all and therefore
not meant to provide statistical significance. This can be done in
upcoming studies.

Table 5 depicts the cross-MAC table for the comparison of the two
new cells (step 1) with values above 90% and 71% on the diagonal and
values below 2.3% in the other fields. This shows a high similarity of
the two new cells, and at the same time sets the benchmark for the
comparison with the aged cells, since the correlation between new and
aged cells can be expected to be lower than for two new cells. If mea-
suring an aluminum dummy for example, this second value might al-
ready be considered an indication of an error, but since the prismatic
cells are much more complex, these values are used as a benchmark for
the further investigations. Videos of the superimposed mode shapes
from Table 5 are provided in the supplementary materials.

Due to the high similarity of CN1 and CN2, only CN1 is used in the
following. The results for the MDOF fits and the MAC calculation, as
described in the steps 2-5, are given in Table 6 for the new cell CN1
with 9 x 9 FRF. MAC analysis reveals a high correlation of the first
identified modes from both p33(z) and p55(z) in the first two rows,
with a MAC value of 82%. Therefore, the two results are both identified

Table 5
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Table 6
Results from MDOF fit and auto-MAC for cell CN1 based on 9 X 9 FRF mea-
surements at both p33(z) and p55(z); modes with an asterisk (*) are retained.

Mode Exc. fran/Hz &y MOV  Auto-MAC

Ist *  1st 2nd * 3rd* 4th*
1st *  p55(z) 565 5.6% 99.8% 100% 82% 1% 4% 3%
1st p33(z) 609 6.4% 98.2% 82% 100% 0% 2% 11%
2nd * p33(z) 854 6.9% 98.8% 1% 0% 100% 3% 1%
3rd *  p55(z) 877 6.2% 99.4% 4% 2% 3% 100% 0%
4th *  p33(z) 1067 6.9% 96.6% 3% 11% 1% 0% 100%

as being the 1st mode. It should be noted that the term “1st mode” is
used instead of “mode 1”, since similarity of the modes with the used
modes 1 and 2 throughout Sections 3.1-3.4 is not proven at this stage.
Of course, in the case of CN1, the first and second modes are equal to
mode 1 and mode 2, but this does not necessarily apply for the aged
cells. All other MAC values outside the diagonal are very low from
0-11%, indicating different modes.

It can also be seen that both the natural frequencies and the
damping ratios for the 1st mode of CN1 differ from each other de-
pending on the chosen excitation position, e.g., a difference of 44 Hz of
fnat1 for p55(2) in comparison to p33(z). Therefore, there seems to be a
certain impact of the measurement setup on the results. Nevertheless,
since the sensitivity and therefore the variation of the structural dy-
namics to the variation of cell parameters is the main aspect of interest,
the deviation in absolute values does not negatively influence the re-
sults in the preceding sections.

Table 7 depicts the results for the auto-MAC of cell CA1, which has
been aged under constrained conditions. The 1st mode could not be
identified with excitation at p33(2) in contrast to the new cell CN1. The
second interesting observation is that the MAC table has values of 50%
and 37% outside of the diagonal, indicating a higher similarity of dif-
ferent modes than for the new cell, which complicates mode identifi-
cation.

Table 8 depicts the results for cell CA2, which was aged under un-
constrained condition. This cell is rather difficult to interpret, since
MAC values of up to 59% are observable between different mode as-
signments (1st mode to 2nd mode).

Based on an optical interpretation of the mode shapes and on a
consideration of natural frequency and damping, the first and second
row are both assumed to be the first mode. Row four and five are also
assumed to be identical in terms of both the MAC table and optical
comparison, but the MAC value, at 33%, is no strong indication. The
second mode in the third row has a comparably low MOV and also a
high MAC value of 59% with regard to the first row of the MAC table
and is therefore difficult to interpret. It could not be excluded from the
MDOF fit to achieve a low LSE of the fit, therefore a physical origin is
assumed. The first mode, with estimation at p33(z) (second row),
probably suffers from mode overlap, since the natural frequencies of
estimated mode 1 and 2 are very close to each other for cell CA2
(fra.; = 1040 Hz and f,,,» = 1126 Hz).

The two first modes are separated more clearly for the new cells,
with more than 200 Hz difference for an SOC = 0% and T = 25 °C (see
Section 3.3), making mode-identification easier. The overlap of 1st and
2nd mode for CA2 is a good reason for the high MAC values in the first
three rows and columns in Table 8. Generally, the mode separation is

MDOF fit results and MAC table for the two new cells showing a high correlation of the modes on the diagonal, and therefore comparable mode shapes of the two new
cells. The values foq,mean,n aNd {mean,n for the modes n = 1 and n = 2 on the left side of the table are the average values of three DPM measurements at p33(z). The
MAC values are based on the 5 x 5 FRF with excitation at p33(z) as described in Section 2.4.

Cell fnat,mean,1/Hz fnat,mean,2/Hz Cmean1 Cmean,2 Cross-MAC CN2 mode 1 CN2 mode 2
CN1 558 827 5.6% 8.0% CN1 mode 1 91% 2%
CN2 528 819 5.6% 8.9% CN1 mode 2 1% 71%

11
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Table 7
Results from MDOF fit and auto-MAC for cell CA1 based on 9 X 9 FRF mea-
surements at both p33(z) and p55(2); modes with an asterisk (*) are retained.
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Table 9
Cross-MAC analysis of new cell CN1 and aged cell CAl (constrained aging);
assumed correlations of modes are printed in bold.

Mode  Exc. fran/Hz  &n MOV Auto-MAC CN1/CA1 Cross-  CA1 1st CA1 2nd CA1 3rd CA1 4th
1st* 2nd*  3rd*  4th* MAC (942 Hz) (1180 Hz) (1246 Hz) (1305 Hz)
1st*  p55(z) 942 6.0% 100.0% 100% 50% 0% 3% CN1 1st (565 Hz)  73% 49% 2% 5%
2nd *  p55(z) 1180 6.0% 99.0%  50%  100% 13%  37% CN1 2nd (854 Hz) 1% 8% 66% 1%
3rd *  p33(z) 1246 5.0% 99.9% 0% 13%  100% 5% CN1 3rd (877 Hz) 2% 41% 3% 65%
4th*  p55() 1305 5.2% 99.9% 3% 37% 5% 100% CN1 4th 5% 1% 1% 2%
(1067 Hz)
the weakest for CA2 with approximated four modes in the range from
1039-1387 Hz (Afcaz = 348 Hz), while the new cell CN1 shows four Table 10

modes in the range from 564-1067 Hz (Afcy; = 503 Hz) and the aged
cell CA1 has four modes between 942-1305 Hz (Afca; = 363 Hz). It is
therefore obvious that the aging of the cell increases the modal density
in the investigated frequency range. Mode 4 of CA2 is very different
from all other shapes of CA2 with auto-MAC values of less than 10%
outside of the diagonal.

Tables 9-11 give the cross-MAC results for the four retained modes
of each cell according to step 6. MAC values which are assumed to show
a correlation are written in bold. Taking all three MAC tables into ac-
count, the 2nd mode of the aged cells cannot be assigned to any other
mode, including the MAC analysis of the two aged cells in Table 11.
Further optimization of the DOF for excitation could be an option for
obtaining a clearer picture, since significant mode overlap is likely.
Another interesting observation is that CN1 and CA1 have higher MAC
values (65-73%) for the three identified correlations, compared to
CN1/CA2 (44-61%). This is likely to be caused by the mechanical
constraints throughout aging for cell CA1, which kept the geometry of
the cell closer to the geometry of the new cell, while the cell, which has
been cycled without constraints, experienced significant swelling. The
measured thicknesses are 45.5 mm for the new cells, 46.2 mm and
46.5 mm at p33(z) and p55(z) respectively for the aged cell CAl
(constrained) and 50.8 mm/50.5 mm at p33(z)/p55(z) for cell CA2
(unconstrained). The cell CA2 therefore experienced a thickness in-
crease of 11% and the cell CA1 of only 2%.

It is further obvious that the MAC tables generally contain values
which are below the recommended values for mode identification
(close to 1). Since lithium-ion cells are complex structures with well-
known parameter variations [86-89] and the cells in this study have
different histories, the MAC analysis must be used with reduced de-
mands regarding obtained maximum values.

The modes which are analyzed in the cross-MAC tables (Tables
9-11) are also given in Fig. 7 as static pictures, and as animated videos
in the supplementary materials. Since the cell is a complex geometry,
which appears to have non-proportional damping, the nodal lines are
not completely static. Therefore, it is recommended to take the ani-
mated videos into account, since they provide better information as to
the occurring deformation patterns. Modes, which are correlated ac-
cording to the cross-MAC, are framed in the same color and line-style. It
can be seen that the modes which are most similar do not necessarily
occur in the same order. Due to the high modal density, it can happen
that modes switch their order.

Cross-MAC analysis of new cell CN1 and aged cell CA2 (unconstrained aging);
assumed correlations of modes are printed in bold.

CN1/CA2 Cross- CA2 1st CA2 2nd CA2 3rd CA2 4th
MAC (1039 Hz) (1125 Hz) (1262 Hz) (1387 Hz)
CN1 1st (565 Hz)  44% 30% 8% 0%

CN1 2nd (854 Hz)
CN1 3rd (877 Hz)
CN1 4th

(1067 Hz)

1%
3%
7%

5%
3%
2%

3%
61%
8%

49%
0%
1%

Table 11
Cross-MAC analysis of aged cell CAl (constrained aging) and aged cell CA2
(unconstrained aging); assumed correlations of modes are printed in bold.

CA2 2nd
(1126 Hz)

CA2 3rd
(1262 Hz)

CA2 4th
(1387 Hz)

CA1/CA2 Cross-MAC  CA2 1st

(1040 Hz)

CA1 1st (942 Hz)

CA1 2nd (1180 Hz)
CA1l 3rd (1246 Hz)
CA1 4th (1305 Hz)

64%
46%
10%
10%

39%
18%
1%

21%

7%
47%
0%

44%

0%
3%
89%
3%

It can be concluded that in the course of aging, the cells get stiffer,
since the lowest identified natural frequency is 565 Hz for the new cell,
942 Hz for the aged cell CA1 and 1040 Hz for the aged cell CA2. While
all modes are shifted to higher frequencies, the modal density is also
increased, whereby Afcn; 503 Hz, Afca: 363 Hz and
Afcaz = 348 Hz.

Mode 1 shows a very regular and equal relative displacement of the
surface for the new cell according to its mode shape, while for the two
aged cells, the bulge is more concentrated close to the tabs (DOF 91-99)
in comparison to the bottom of the cell (DOF 11-19). With regard to
mode shapes, aging has shown stronger effects on the prismatic cells
than for the pouch cells in part I [59], which showed higher stiffness
but similar mode shapes. A very detailed comparison cannot be made,
since the average SOH of the pouch cells was about 90%, while the SOH
of the prismatic cells is below 80% for both cells.

Since the mode identification is difficult, a detailed quantitative
look on the single natural frequencies and damping ratios is limited to
the first mode here. Table 12 shows that the aged cells are stiffer with
increased natural frequencies, while for the damping ratios, no clear
picture occurs. Since, our paper series is the first one investigating more

Table 8

Results from MDOF fit and auto-MAC for cell CA2 based on 9 X 9 FRF measurements at both p33(z) and p55(z); modes with an asterisk (*) are retained.
Mode Exc. Snatn/Hz &n MOV Auto-MAC

1st 1st 2nd 3rd 3rd 4th

Ist * p55(2) 1040 4.9% 98.9% 100% 59% 59% 8% 4% 6%
1st p33(2) 1085 4.7% 96.3% 59% 100% 37% 15% 13% 8%
2nd * p55(2) 1126 3.4% 89.7% 59% 37% 100% 26% 0% 2%
3rd p33(2) 1234 3.4% 91.0% 8% 15% 26% 100% 33% 1%
3rd * p55(2) 1262 4.3% 98.6% 4% 13% 0% 33% 100% 2%
4th * p33(2) 1387 3.4% 99.8% 6% 8% 2% 1% 2% 100%

12
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Cell CN1 (new)

Cell CAL1 (aged, constrained)
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Cell CA2 (aged, unconstrained)

1st mode

2nd mode

3rd mode

4th mode

Fig. 7. Mode shapes from the MAC analyses in Table 9-11. Modes for which MAC analysis indicates mode correlation have identical frames. Variation in the order of

modes is visible.

Table 12
Natural frequencies and damping ratios of mode 1 for the three investigated
cells.

CN1 CAl CA2
frat,1/Hz 565 942 1040
&1 5.6% 6.0% 4.9%

than one aged pouch cell and an aged prismatic cell at all with regard to
its structural dynamics, already available aged cells have been used. If
the progress of aging is to be investigated in a detailed quantitative
manner, it is recommended that several cells are cycled at the same
time with intermitting EMA analysis, e.g., each 250 cycles or each 2%
loss of capacity. Small steps will improve the identification and tracking
of the different modes.

4. Evaluation of experimental modal analysis as a method for
lithium-ion cell research

EMA has been used for two different cell types in this paper series.
Since, it is a less usual method for lithium-ion cell research nowadays;
this section shall provide an evaluation of this method in terms of its
applicability and probable usefulness in the future.

13

The original idea, which is also described in the introduction, was to
use the EMA for the characterization of lithium-ion cells in order to
parameterize finite element models and to design fatigue experiments
to improve the understanding of possible failure mechanisms caused by
vibration. The method has shown itself to be very useful to understand
the occurring displacements (through mode shape analysis) and to
understand the various sensitivities which might promote fatigue.
There is also the general option of parameterizing FEM models based on
the obtained data.

At the same time, it must be stated that the experimental estimation
of higher order modes has shown to be difficult for both cell types due
to several reasons, for example the high modal density and complex
non-proportional damping. If the fitting procedure for the para-
meterization of a finite element model of a cell is to be based on the
results of the modal analysis, the number of unknown parameters shall
be limited. In an optimization with a finite element modal analysis tool,
for example, unknown material properties are varied to calculate the
desired natural frequencies, which serve as target values in the opti-
mization procedure. If only two natural frequencies are known, while
e.g. nine material parameters have to be determined, the optimization
problem is likely to be under-constrained, depending on the sensitivity
of the natural frequencies from each material parameter. The afore-
mentioned nine parameters may occur as three elastic moduli E,,E,,E,,
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three shear moduli Gy, Gz, G,, and three Poisson values 9,,, 9,,, 9, for
an homogenized orthotropic material. In case of an isotropic behavior
of the cell, the finite element software needs only values for the density,
the isotropic elastic modulus and the Poisson value or shear modulus. If
density is calculated from mass and volume, only two parameters re-
main, which have to be estimated. Therefore, the applicability of the
EMA for the parameterization of FEM models of the structural dynamics
depends on the required complexity of the model, and on whether the
measurement may be further optimized to extract modes of higher
order. The final evaluation of this is the subject of further research,
since the sensitivity of the modal results from the material parameters
has to be investigated.

In addition, a more sophisticated selection of excitation positions
through parallel application of finite element models has the potential
to improve the mode determination through an iterative procedure.

While the failure mechanism-driven approach was the original idea,
other observations came along the way. The EMA has shown to be
sensitive to changes in several parameters and for example allow one to
distinguish between thermal swelling and intercalation-based swelling,
for example through the damping behavior of the investigated pris-
matic hard case cell. In this publication, it is for example stated that the
damping behavior of mode 1 could be an indicator for the existence or
the filling of an initially existing gap inside the cell. In this case, the
EMA could be a helpful addition to other measurements, e.g. with strain
gauges, so as to obtain more information about the mechanical beha-
vior of the cell and the mechanical effects.

A general advantage of the EMA is that it is a non-destructive
method, and that it includes all boundary conditions and interfaces
inside the cell. In addition, with a well-designed free-free condition, the
cell can be tested in a manner, which is relatively unaffected from outer
constraints (especially for heavier and larger cells for which, for ex-
ample, the weight of the accelerometers becomes negligible).
Throughout the two parts of this series of papers, it has been shown
several times that a lithium-ion cell as a mechanical system is much
more than the simple sum of its components. Considering this, the EMA
could be a useful addition to component tests, if these are used for the
parameterization of models, and/or for a cross-check, if the chosen
model structure, material parameters, interfaces and boundary condi-
tions reflect the overall elastic behavior of the cell in a correct manner.

While we see its potential as a method for laboratory investigations,
the monitoring and tracking of resonance frequencies as a tool for
structural health monitoring in an application, as proposed earlier
[71,76], is assumed to be difficult considering the many sensitivities
which would have to be considered in an online-model for state esti-
mation. Outer boundaries due to pack design further complicate such
an approach.

One disadvantage of the method is the non-negligible effort and
experience, e.g., required to achieve the free-free condition, to choose
the correct DOF for excitation or to attach the sensors reliably. In ad-
dition, experience and knowledge in the MDOF fitting procedure is
required. Also the non-linear effects have to be carefully considered and
a wrong choice of excitation can significantly alter the quality of the
results. This of course, gives further limitations, if the lithium-ion cell
shall be examined with regard to more severe mechanical loading
conditions. Nevertheless, the electrochemical impedance spectroscopy
(EIS) has become one of the most important methods in lithium-ion cell
research, although it has the same requirements regarding linearity,
time-invariance, causality and reciprocity.

5. Conclusion

In this work, a recently introduced test bench [59] was used to in-
vestigate the structural dynamics of a large-format lithium-ion pris-
matic cell for the first time. The structural dynamics were identified in
terms of natural frequencies, damping ratios, and mode shapes. Sig-
nificant sensitivity to both SOC and temperature were found. In the case

14
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of SOC variation, pronounced hysteresis behavior for both natural fre-
quency and damping was observed. Stiffening of the cell, shown by
increased natural frequencies, was observed for increased SOC and
decreased temperature. Increased temperature caused a linear decrease
of natural frequencies, and at the same time an approximately linear
decrease in the damping ratio, with the exception of mode 1 in the low
temperature range. The decreasing damping ratio for elevated tem-
peratures stands in strong contrast to the increasing damping ratio for
elevated temperatures for pouch cells in the preceding part I [59]. The
different boundary conditions and constraints, provided through the
cell casing were identified as a possible explanation for this observa-
tion. This theory has been supported by the possible effect of an initial
gap inside the cell between the jelly rolls and the housing, which might
cause the damping ratio of the first mode to be non-decreasing below
24 °C.

The results for natural frequencies and damping ratios showed high
similarity to results in the literature for intercalation-induced swelling
and thermal swelling. In addition, the first mode shape in the case of
resonance excitation was a similar shape to the swelling-induced shapes
in other work, a factor which could simultaneously pose a risk to safety
and cell lifetime, especially in an unconstrained condition.

This work therefore revealed several novelties in comparison to
existing literature: Physical processes such as the intercalation induced
swelling of the anode and the cell can cause the stiffness and damping
behavior of a lithium-ion cell to change significantly, but all interfaces
and boundary conditions must be considered. EMA and the proposed
testing setup gives the possibility to investigate and compare different
cells in a new manner. This paper series is therefore also the first one,
which compares two very different cells and is therefore able to derive
assumptions, such as an initially existing gap inside the cell.

The detailed investigation of different boundary conditions, espe-
cially through external bracing, could be an interesting topic for further
research. The observed structural dynamics in this work could show
potential risks in the case of a light-weight battery pack design, which
for example could be of interest for the application in the aeronautics
industry on its path to sustainable air transportation. The question if
failure can occur due to relative displacement of inner components
must be focus of upcoming research, using both finite element tools and
resonance testing experiments.

With respect to vibration durability, the cell used in this work
should be tested under different conditions, to ensure safe and long
operation. Both stiffness and damping differ significantly between a
fully charged cell at low temperatures and a fully discharged cell at
high temperatures, which is a possible scenario for a vehicle journey in
winter, when the cells are both discharged and heated during the ride.
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Appendix

Tables A.1-A2.

Table A.1

Overview of the obtained LSE levels during the investigation of nonlinear dynamics for the
new cells CN1 and CN2. The LSE is calculated in the overall frequency range of the MDOF fit
including both modes. The excitation level is a software value without physical meaning and
the lowest level has the lowest LSE for both new cells (belongs to Fig. 4).

Excitation level

LSE CN1 /%

LSE CN2 /%

0.01 1.
0.02 1.
0.03 1.
0.04 1.
0.05 1.
0.06 1.
0.07 1.
0.08 1.
0.09 1.
0.1 1.

00
04
11
18
22
33
32
37
47
39

0.84
0.91
0.99
1.03
1.09
1.17
1.53
1.63
1.79
1.90

Table A.2
Maximum absolute spreads Af, and A{, for each measurement triplet and both modes n = 1 and n = 2 for the investigation of SOC sensitivity in the case of charge

and discharge direction (belongs to Fig. 5).
Mode 1 discharge Mode 1 charge Mode 2 discharge Mode 2 charge
SoC Af; /Hz Al Afy AL Af; /Hz ALz Af; /Hz ALy
/Hz
100.0 2.5 0.2% 9.8 2.6% 2.4 0.8% 4.4 1.1%
90.5 11.5 2.3% 0.5 0.2% 3.8 0.4% 2.0 0.3%
81.0 12.3 2.1% 8.3 1.1% 0.8 0.2% 1.5 0.1%
71.4 12.6 0.6% 5.0 1.4% 0.4 0.2% 3.3 0.3%
61.9 3.1 1.9% 8.1 1.4% 6.0 1.0% 13.1 0.8%
52.4 5.4 1.1% 4.3 1.7% 1.5 0.3% 1.5 0.4%
42.9 4.8 0.7% 5.8 1.9% 1.3 0.2% 2.6 0.5%
33.3 1.2 0.6% 6.5 1.2% 0.5 0.2% 2.1 0.3%
23.8 2.5 0.3% 7.1 0.8% 0.7 0.2% 4.2 0.5%
14.3 2.1 0.7% 2.9 0.7% 6.6 0.5% 0.2 0.2%
9.5 1.2 0.2% 2.3 0.3% 1.4 0.3% 5.5 0.4%
4.8 0.8 0.2% 2.1 0.8% 2.7 0.2% 3.4 0.4%
0.0 0.6 0.3% 1.4 0.7% 4.5 0.5% 4.0 0.7%
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8 Finite element model of a lithium-ion pouch cell based on

experimental modal analysis data

8.1 Introduction

In this Chapter 8, the data obtained through EMA in Chapter 6 for a lithium-ion pouch cell are used
to parameterize a model in the FEM-tool ANSYS Workbench. This tool is used to simulate the
structural dynamics of a lithium-ion pouch cell. This effort is motivated by limitations 19 and 20
listed in Section 3.4. Two FE modeling approaches to describe structural dynamics of lithium-ion
packs in literature are available based on theoretical values and not on experimental results [163,164].
Galos et al. reported on an investigation of the integration of LiPo-cells into composite structures.
This approach would allow cells to be integrated directly into the structure of a vehicle or an airplane
to reduce the weight of the battery. Their investigations are based on both experiments and FEM and
aim to improve the damping behavior of the composites with integrated cells by careful placement of
the LiPo cells. [167]

Therefore, no publication describing the structural dynamics of a single cell could be found. In this
work, this model is an indispensable step to understanding and investigating in the future if fatigue
mechanisms can damage a lithium-ion cell or any of its components (see Section 4.4). In addition, a
fully parameterized model can be used to obtain values of, e.g., the elastic modulus. Due to the
sensitivity of the elastic behavior to the interfaces and boundary conditions, as extensively discussed
in [110], this is a non-trivial task. It has been shown that a cell cannot be described as a simple sum
of its components and that several measurements probably interact with the cell under test. For the
method which is developed and presented in this thesis, the independence from the measurement
setup is evaluated and proven in Chapter 6 and the respective publication [109]. Therefore, the
obtained measurement data will describe only the lithium-ion cell under test. If a model is successfully
optimized, the real elastic parameters, comprising all interfaces and boundary conditions inside the
cell are gained. Such a combined experimental-simulative approach was used in [198] to characterize
battery electrode films using the acoustic resonance measurements of circular clamped samples.

A good set of starting values to initialize the model is required for the successful optimization of
model parameters. This requirement justifies a parameter study regarding available values of elastic
moduli and Poisson's ratios for lithium-ion cells in advance. Ali et al. reported values for the
compressive modulus of 188 MPa (experimental result) or 190 MPa (based on a composite rule of
mixture) for dry lithium-ion pouch cells and in-plane constrained compression tests [29]. The tensile
modulus, also called Young’s Modulus, is required to describe the structural dynamics. The tensile
and compressive behaviors of lithium-ion cells differ. For example, in the case of an anode with
copper current collector foil the compressive modulus is published as 83 MPa, while the tensile
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modulus is reported to be 4,700 MPa [29]. The same applies for all other components, e.g., for a
separator with 500 MPa in the tensile direction and 90 MPa in the compressive direction [29].
Generally, the choice or selection of parameters must be done carefully. It has already been discussed
that tests under constrained conditions probably reveal other results than tests under unconstrained
conditions [110]. In addition, further parameters including strain rate or temperature [199-201],
electrolyte wetting [199,202—-204], the kind of the separator [205] or the coating of a separator [203]
have a significant impact on the elastic behavior.

To give only one example, the Young’s modulus E of a separator has been reported to be 843+20 MPa
in the machine direction (MD) and dry condition, while values of 430+23 MPa are given in the
transversal direction (TD) and dry condition. If the separator is immersed in dimethyl carbonate
(DMC) (wetted condition), the values are reduced to 409+28 MPa in MD and 37710 in TD. [204]

The paragraphs above are only a small digression to give an impression of the complex behavior of
lithium-ion cells and their components without the respective interfaces. The differences in TD and
MD give an indication that an isotropic approach is insufficient to describe the structural dynamics
in a reliable manner. The strain rate dependability also aligns with the observation of nonlinear
behavior made in Chapter 6 and [109].

Gibellini et al. reported a Young’s modulus for an active pouch cell varying over a wide range during
cycling with a behavior matching closer to the natural frequencies of the prismatic cell investigation
in Chapter 7 and a dependence on the charge rate, indicating the influence of the external
measurement setup and the resulting pressure. A value of 3,200 MPa was assigned as the Young’s
modulus value for equilibrium in the fully charged state. [53]

Kumar et al. reported an effective homogenized Young’s modulus E for a pouch cell of 495 MPa and
an effective Poisson’s ratio of 0.01, calculated from values for the different layers using a Voigt
average technique [39]. Sahraei et al. reported E = 500 MPa and a Poisson’s ratio v = 0.01 [206]. This
low Poisson’s ratio is assigned because of the porosity of the components [206]. Dixon et al.
calculated a value of E = 4,200 MPa for a homogenized pouch cell [207].

Kermani et al. published a review summarizing various mechanical tests and constructed FE models
in their Appendix. They found nine modeling approaches with three approaches discussed in two
publications. Seven of these nine approaches are isotropic, and two models are anisotropic. Neither
of the two anisotropic models provided values for the baseline of the model in this work. [208]

Tang et al. published elasticity parameters for an orthotropic model of a single lithium-ion cell, but
f()r an 18650 Cell (Young’s mOdulus: Eradial/in-plane = 260 MPa, Eaxial/transversal = 1,200 MPa, Shear
modulus Gradial/in—plane =118 MPa, Gaxialitransversal = 500 MPa) [19]

The Poisson’s ratios of jelly rolls or pouch cells in the literature varies significantly, with values such
as 0.01 [56,206], 0.08 (axial) and 0.1 (radial) [19], 0.15 [49] or 0.3 [209]. Orthotropic elasticity
parameters for a lithium-ion pouch cell could not be found in the literature.

The apparent variation in reported elasticity parameters and the limited availability of orthotropic
material parameters show the need to find new approaches to determine orthotropic material
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parameters for lithium-ion cells. The proposed approach in this thesis is a combination of the
experimental and simulative modal analysis and harmonic response analysis in the Sections 8.2-8.5.

8.2 Cell model and parameter optimization

The investigated lithium-ion pouch cell in this work (Kokam SLPB356495, 2.1 Ah) is modeled
according to its true geometric geometry and mass. Density pceir = 2.235 g/cm? is calculated according
to the estimated mass and volume and is fixed in the optimization. The overlapping fold on three
edges of the pouch cell is disregarded, since otherwise the ANSYS Mechanical module for modal
analysis would calculate a huge number of natural frequencies for the fold, which are not of interest.
The cell is modeled as a homogeneous and orthotropic material. An isotropic modeling approach
beforehand could not replicate the measured results. In an isotropic model, the variation of the
material parameters changes the natural frequencies of bending modes and torsion modes only in
parallel with a certain distance. This approach does not yield experimentally determined results. Due
to this finding, a homogeneous model with an orthotropic material is used. The starting values of the
material parameters are chosen to Ex=Ey=E,=500MPa, Gy =Gy =Gy,=170MPa and
vy = e = Wz = 0.01. These values are equal to an isotropic model which can be adjusted for each
dimension separately. Manual adjustment of the nine elastic material parameters reveals sensitivities
of the different single modes to different single material parameters, which offer the possibility of
adjusting the parameters in a stepwise and iterative manner. The parameters are adjusted manually
until the calculated natural frequencies are close to a set of natural frequencies fnatn for the first four
modes, taken from Chapter 6 and [109], chosen as optimization target values and given in Table 5.

Table 5: Overview of the data from EMA and MDOF fit, taken from [109] and the respective results

from the simulation with optimized parameters in ANSYS. The DOFs p33(z) and p22(z) are equal to
the definitions for the DOFs in Chapter 6.

MDOF fit FEM Rel. Dev. | MDOFfit FEM Abs. Dev. | Exc.
Mode n | fratn/Hz fratansysn/Hz  &in én CANSYSn  Egn DOF
1 644.3 624.8 -3.0% 4.98% 381% -1.18% p33(2)
2 675.6 648.0 -4.1% 3.22% 4.12%  0.90% p22(2)
3 974.3 939.3 -3.6% 5.47% 5.94%  0.47% p33(2)
4 1033.1 1026.5 -0.6% 8.18% 6.30% -1.88% p22(2)

After coarse manual adjustment, the ANSYS optimization toolbox is used for an automatized fine-
tuning in a narrow band between upper and lower limit. This optimization is a simple candidate search
via variation of the material parameters to fit the natural frequencies of the model to the measured
ones. The values for the obtained natural frequencies fratansysn are given in Table 5 together with a
relative deviation &, to the MDOF fitting. The highest deviation is -4.1%, which is already close and
can be further optimized in the future. The Rayleigh damping is calculated with ¢cn=0a =0 and
o = =1.94e>. The fit of the complete Rayleigh damping according to Eq. (24) did not cause
significant improvement and, therefore, the mass-proportional part is disregarded. The resulting
damping ratios {ansvs, for each simulated mode n can be calculated according to Eq. (26) for each
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estimated natural frequency fratansysn. The results are given in Table 5, showing a sufficient
approximation of the damping ratio.

1
{ansys;n = 5 Ck®@nat,ansysn = Ckllfnat,ansysn (26)

The orthotropic material properties obtained after optimization are Ex = 11,608 MPa, E, = 2,212 MPa
and E; = 4.12¢* MPa in the case of Young’s Modulus. The dimensions X, y and z are chosen according
to [109] with x as long side of the cell (longitudinal), y as short side of the cell (transversal) and z as
thickness of the cell (through-plane). The values seem high, but values, for example, up to 4,200 MPa
have been reported [207] as also listed in Section 8.1. Regarding the very high value of E,, it is shown
later in Section 8.4 that this value is arbitrary. The Poisson values are vy = vy, = vy, = 0.01. The values
for the shear moduli are Gy = 9,146 MPa, Gy, = 10 MPa and Gy, = 2,038 MPa. These values are
discussed later, since beforehand the sensitivity of the natural frequencies and the harmonic response
to each parameter must be carefully investigated. This is done in Section 8.4 and Section 8.5.

8.3 Analysis of mode shapes and operational deflection shapes

Besides the natural frequencies, the model must also give the same mode shapes as derived using
EMA. Fig. 23 depicts the measured mode shapes for n=1-4 in the first row for the natural
frequencies fnatn, the mode shapes from the FEM simulation for the fuatansvs,» in the second row and
the operational deflection shape measurements (ODS), calculated at foarn. It must be noted that the
measured mode shapes are shown upside down in contrast to the simulated mode shapes and ODS.
Since mode shapes are theoretically symmetric, this is acceptable. The same applies for phase
differences of 180°.

1a) 1b) 1c) 1d)

Fig. 23: The first row (1a-1d) depicts the measured mode shapes from [109] and Chapter 6, the
second row (2a-2d) depicts the mode shapes out of the ANSYS modal analysis and the third row
(3a-3d) depicts the ODS out of the ANSYS harmonic response analysis. The driving point DOFs
p22(z) and p33(z) can be recognized by the small yellow squares (row a) and the higher net density
(row 2 and 3). Red indicates strong displacement and blue no displacement (nodal areas).
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It becomes also apparent that the simulated mode shapes in the second row show clearer shapes than
the measured ones. Mode 1 is the first longitudinal bending, mode 2 is the first torsion, mode 3 is the
first transversal bending and mode 4 is the second longitudinal bending. This became obvious right
from the beginning of the FEM analysis. Therefore, the assumption and simplification were made
that the most-closely shaped modes can be expected in a similar frequency range and the target
frequency in the optimization was set to the respective fa,n. After optimization, the harmonic response
toolbox from ANSY'S was used to calculate the ODS at the respective fatn. The ODS are very similar
to the mode shapes from the EMA. The MDOF fit in Chapter 6 and [109] is hence not completely
capable of distinguishing the different modes because of the high modal density and the high damping
ratios. These two effects cause overlaps of the different modes. Simulative modal analysis can be a
valuable companion for the EMA of lithium-ion cells to improve the results.

8.4 Sensitivity analysis of natural frequencies

Fig. 24 depicts the results of the sensitivity analysis. All vertical axes have the same limits for easy
comparison of the different sensitivities. The Poisson’s values are varied in a wider range because the
initial value of 0.01 is already at the lower limit of a reasonable range from 0 to 0.5. Therefore, a
similar variation in both directions provides limited insights. In the case of v, ANSYS did not allow
calculation for higher values, likely due to an invalid combination of all nine elasticity parameters.

The sensitivity analysis shows that the values of E; (Fig. 24c), Gy, (Fig. 24h) and vy (Fig. 24f) can be
disregarded for this particular optimization, because they do not influence the natural frequencies.
This also means that this approach cannot be used to estimate these parameters. The Poisson’s ratios
vyy (Fig. 24d) and vy, (Fig. 24e) do not have an influence at values below 0.05. An influence is possible
for higher values, especially in the case of mode 3 for the Poisson’s ratio in the XY-plane vy, in Fig.
24d. The value 0.01 is a common value in literature [39,56,206]. All three Poisson values for the
model are set to 0.01 at the beginning of this investigation, accordingly. The validity of this
assumption is addressed again in Section 8.5 regarding the harmonic response.
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Fig. 24: Sensitivity study for all nine parameters of an orthotropic material with the dimensions x
(longitudinal), y (transversal) and z (through-plane) and the respective planes xy, yz and xz

The Young’s modulus Ey influences only mode 3 in Fig. 24b, G,y influences only mode 2 in Fig. 24g.
Therefore, Ey and Gy, can be estimated through the optimization of fatansys2 and fratansyss. Mode 1
and mode 4 are the first and second longitudinal (x) bending modes. Therefore, fratansvs,1 and fratansvs 4
are both sensitive to Ex and Gy, (see Fig. 24a and Fig. 24i). A good fit of experimentally and
mathematically determined natural frequencies is one criterion for the successful parameterization of
a model based on EMA data. A second is that the order of the modes be correct and that no other
modes appear in the frequency range of the modes under consideration. Both requirements are
fulfilled. For the optimization up to this point, only the natural frequencies are used as target values
and only the results from the two driving point measurements (DPM) are used as an input. Therefore,
in the next Section 8.5 the experimental and simulative harmonic response or FRF is compared,

including all frequencies and with an outlook to the use of the remaining 48 transfer point
measurement (TPM) FRFs [109].
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8.5 Harmonic acceleration and stress response

Fig. 25 depicts a comparison of measured and simulated DPM-FRF for both p33(z) and p22(z)
according to the locations given in Fig. 23 with the optimized parameter set.

600 T T T T T T T
p22-meas
————— p22-sim
500 - p33-meas | |
p33-sim
400 [
300
F
o~
B
200
100
‘Saw®
0 1 1 1 1 1 1 1
500 600 700 800 900 1000 1100 1200 1300

Frequency / Hz

Fig. 25: Measured and FEM-based FRF (acceleration response / force excitation) for both driving
points at p22(z) and p33(z)

It is apparent that there is a difference left due to slightly too low natural frequencies and a certain
mismatch of the damping ratios in ANSYS as seen in Table 5. Nevertheless, this is already a good
approximation.

One goal of the FE modeling of the lithium-ion cells is to obtain better knowledge of stress and strains
that occur inside the cell when vibrated. This is the prerequisite for the analysis of fatigue. The
parameters E,, Gy; and vy, cannot be estimated with optimization and natural frequencies as target
values because of their insensitivity. The arbitrarily chosen values might be wrong. For this reason,
the influence of these material parameters on the model output must be checked. As an example, the
Poisson’s ratio vy, is changed from 0.01 to 0.3 and the Young’s modulus E; is divided by 100. The
natural frequencies are insensitive to both parameters as depicted in Fig. 24. In contrast, Fig. 26
depicts the calculated normal stress ox in longitudinal direction x for the reference case and the two
variations of v, and E;. The reference case is based on the parameter set, given in Section 8.2 after
optimization.
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Fig. 26: Simulated normal stress frequency response in the case of harmonic force excitation with
1 N at p33(z) for two exemplarily varied parameters

The highest stress in the longitudinal direction is expected to appear at the two longitudinal bending
modes. These are mode 1 — first longitudinal bending and mode 4 — second longitudinal bending. In
the case of vy, = 0.3 both expected modes are visible as peaks in the stress response (blue scattered
line), while for vy, = 0.01 (black solid and red dotted lines), the stress is higher for the first longitudinal
bending mode (mode 1) and completely vanishes for the second longitudinal bending mode (mode 4).

This means that more than just natural frequencies and DPM are required to build a suitable FE model
of a lithium-ion pouch cell. In a next step, the remaining 48 TPM-FRF — 24 for excitation at p33(z)
and 24 for excitation at p22(z) — can be used to further optimize the model. Future optimization should
be based on the harmonic response analysis toolbox in ANSY'S instead of the modal analysis toolbox.
Taking 50 FRF with the various acceleration responses into account gives more information, as it
includes a spatial resolution. These calculations are more time-consuming and are out of the scope of
this thesis, but are part of the outlook. With the variation of reported elasticity parameters in the
literature in mind, it is interesting to continue this approach. This variation certainly also depends on
different load conditions and load levels, but it is worthwhile to evaluate further how much modal
analysis and harmonic response analysis, especially in combination with other methods, can help to
achieve a better understanding of the mechanical behavior of lithium-ion cells.
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9 Conclusions and outlook

Chapter 9 summarizes the results of this thesis with respect to the objectives from Section 3.4 and the
identified possible failure mechanisms in Section 4.4. Conclusions and outlook are given together for
all the objectives.

9.1 Failure mechanisms and failure modes of lithium-ion cells

The investigated lithium-ion cells in this work showed a high durability in the case of vibration.
Nevertheless, important conclusions can be drawn. Objective 1 deals with the question which failure
mechanisms can occur inside a lithium-ion cell because of vibrations. Objective 2 is about the
respective failure modes. A theoretical risk assessment based on the available scientific publications
and an incident analysis resulted in Fig. 17, which depicts the possible combinations of vulnerable
components, failure mechanisms and failure modes. Fig. 27 is identical to Fig. 17, but with results
and outlook being highlighted. Already obtained results are depicted with a blue background, while
fields with grey background give an outlook on possible future research tasks.

Rupture or crack formation due

Casing / can / bag to fatigue

Electrode(s)

Particle cracking due to fatigue Short

Separator(s)

Abrasion nchin
Current collector tabs brasion / punching

Open

Current collector .
Deflections

Mandrel and spacer(s)

Deformation Wearout

Weld or solder spots

Safety devices, e.g.

cID Delamination due to fatigue

Fig. 27: Depiction of the possible combinations of vulnerable components, failure mechanisms and
failure modes. Paths with blue fields can be observed, while paths with grey fields depict the
outlook for further research.

The durability tests of 18 different 18650 cells in Chapter 5 showed that the abrasion or punching of
the current collector tabs by an insufficiently constrained mandrel is the most relevant failure
mechanism for 18650 cells and vibrations. Due to sufficiently large welding areas between current
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collector tabs and cell cans, no failure mode occurred for the cells under test. In case of failure, an
open (or intermittent) failure mode would have been the most likely consequence of a fully
disconnected current collector tab. Cells that have been preloaded with several drops before vibration
showed the rupture of the current collector tabs with a subsequent open (or intermittent) failure (see
Appendix A.1). The possibility of a short failure due to the generation of electrically conductive
particles could be part of further research and is depicted as outlook. A more detailed look on vibration
durability of pre-dropped cells is another possible future research topic.

Rupture due to fatigue of the casings during resonance excitation could be observed (see
Appendix A.2). The electrodes or separators showed no sign of fatigue in any investigation. Failure
mechanisms such as particle cracking, rupture or delamination of electrodes and separators are
therefore also depicted as part of the outlook. On the basis of the characterization in Chapter 6 and
the simulation results in Chapter 8, the resonance excitation of the lithium-ion pouch cell can be used
to induce certain stresses in the cells. Then it can be determined if fatigue occurs in the materials of
electrodes and separators, as it sometimes happened for the casings of cylindrical and prismatic cells,
as is apparent in Appendix A.2. If fatigue would occur, different failure modes would be possible,
e.g., wear out due to the deactivation of electrode particles or shorts due to failures of the separator.
The obtained model in Chapter 8 can be further investigated in the future with focus on the
sensitivities of the stresses to the material parameters. Measurement with additional strain gauges
could give valuable additional information to optimize the fit of the material parameters.

At the beginning of this thesis, there was also the question if a non-instantaneous failure can occur,
e.g., if vibration can cause any creeping wear out of the cells. According to the current knowledge,
no creeping wear out failure can be expected, and a cell is more likely to have an instantaneous failure.

9.2 Influencing factors

Obijective 3 addresses the question what influence the inner cell design and common parameters as
SOC, SOH and temperature has on the vibration durability of lithium-ion cells. The comparison of
18 different 18650 cells in Chapter 5 showed the importance of the inner cell design. An insufficiently
constrained mandrel can cause serious damage to the current collector tabs inside the cell, which is
even more serious if a small welding area is used to connect tab and can to each other. If a cylindrical
cell must be used in a harsh environment with severe vibration, the use of a tightly packed cell without
inner mandrel and with big welding area is recommended.

The structural response in terms of the natural frequencies and damping ratios of the cells to dynamic
excitation, shown for pouch cells in Chapter 6 and for prismatic cells in Chapter 7, revealed high
sensitivity to SOC, SOH and temperature. Very interesting observations, e.g., a contrary sensitivity
of the damping ratios to the temperature, depending on the cell type, were made. There is a strong
indication that the chosen approach to use EMA for the mechanical characterization can capture the
effects of interfaces and boundary conditions and is usable, e.g., to detect gaps inside a hard case cell.
Regarding the Outlook, it could be investigated if effects such as lithium plating have an observable
effect on the structural response.
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Conclusions and outlook

9.3 Nonlinear behavior of lithium-ion cells and application of fatigue
damage spectrum

The investigation of the nonlinearity of lithium-ion cells in the structural response and the evaluation
of FDS as a method, e.g., to compare different vibrations regarding their severity for the durability of
lithium-ion cells is the focus of Objective 4. Fatigue depends significantly on both the load and the
structural response of the structure. The damping ratio, for example, is an important factor with
respect to possible fatigue. The application of EMA in Chapter 6 and Chapter 7 showed that the
structural dynamics of lithium-ion cells are nonlinear. Besides nonlinearity, the natural frequencies
and damping ratios significantly depend on the other parameters, such as SOC, SOH or temperature.
Since the characteristic parameters of a lithium-ion cell, therefore, constantly change during
operation, the application of methods such as FDS cannot be advised. In addition, FDS is meant to
describe classic fatigue, which is a failure mechanism, which could yet not be proven.

9.4 The potential of experimental modal analysis in lithium-ion cell
research

The EMA revealed interesting results during this thesis, which are in focus of Objective 5 (EMA
potential). The experimental investigations in Chapter 6 and Chapter 7 uncovered the influence of
boundary conditions and interfaces, revealed sensitivities to SOC, SOH and temperature and gave
indication of the possibility e.g., to detect gaps inside a lithium-ion cell. Chapter 8 investigates the
possibility of and limitations to parameterization of FE models with the obtained data. Through this
combination of experimental and simulative methods, it might be possible to parameterize parameters
which are rare in literature, such as shear moduli, in the future. The fact that a cell on the one hand
can be described including all its interfaces and on the other hand is only slightly influenced by the
measurement setup, makes EMA a useful addition to other methods such as, tensile component tests,
nano-indentation, stress measurements under constrained conditions, etc. The further investigation of
the potential of EMA is the most promising continuation of the research included in this thesis in the
opinion of the author.
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Appendix

This Appendix gives additional information, especially about unpublished results, which offer
potential future research questions.

A.1  Combined drop and vibration testing of lithium-ion 18650 cells

Combined loads, which in this case are combined drops with subsequent vibrations according to the
procedure described in Subsection 2.2.4, were tested as a pre-study in the course of the master thesis
of Christian Schenk [100] supervised by the author of the present thesis. This investigation is briefly
included here in the Appendix, because it is one of the possible future research topics in the Outlook
of this thesis. The cells were dropped in the axial direction with their minus pole on an aluminum
plate after a 2 m long downpipe.

Six cells of the type A123 18650M1A and six cells of the type Molicel IHR18650A with an SOC of
0% were tested. Four cells of each type were dropped, while two cells were kept un-dropped as
reference. One of the Molicel IHR18650A failed suddenly with a high ohmic failure (open) at drop
number 7. Therefore, the drops for the remaining Molicel IHR18650A were terminated after 7 drops.
None of the A123 18650M1A failed because of the drops. After 21 drops, drop testing for the A123
18650M1A was also terminated. The cells were still functioning well and did not show significant
signs of degradation prior to vibration. For the vibration testing, a single-sine excitation with an
amplitude of 30 g and a frequency of 100 Hz was applied. The cells were connected to the shaker
with two-component adhesive. The damping of this connection can be disregarded.

Four out of four dropped A123 18650M1A and two out of four dropped Molicel IHR18650A were
vibrated according to the procedure described above. Two of the four A123 18650M1A cells and one
of the two Molicel IHR18650A cells failed with an intermittent failure during testing in a time frame
of up to three hours. The other cells survived 10 hours of vibration without a sign of failure. Several
other 18650 cells of the same or other type were also tested only with vibration and without drops.
These cells did not show any sign of degradation. [100]

The failure mode is assumed to be intermittent, because EIS becomes unstable and irreproducible.
QEIS during vibration was completely inoperable, while SPEIS could be measured, but showed a
high variance of inner resistance Ri. Reproducible measurements were impossible. These are
indications for an intermittent failure mode. Since the ohmic part of the impedance is the most affected
part, a failure of the current collectors or current collector tabs is likely. This can be finally proven
using CT-analysis. Fig. 28 shows a broken current collector tab at the positive tab of one of the failed
cells. The result is that dropping a lithium-ion 18650 cell can pre-damage the cell in such a manner
that subsequently during vibration, damage of the current collector tabs can occur. This could happen
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because of a jelly roll loosened by the drops and the subsequent fatigue of the current collector tabs
resulting from the displacement of the jelly roll.

e

Fig. 28: CT depictions of one tested cell (type A123 18650M1A) with a broken current collector tab
at the positive tab of the cell after a combined drop and vibration test

This study is not included in the thesis itself, and details such as exact vibration cycle numbers are
disregarded here since it was only a pre-study to evaluate if drops have an impact on vibration
durability. For more detailed analysis, the tests must be repeated in a more structured manner.

In future studies, different cell designs should be considered according to the example given in
Chapter 5. Other required variations would include both the number of drops and the characteristics
of the vibration load profile. Especially interesting are the variation and reduction of drops, since in
real-world conditions, the number of drops is limited. Therefore, the estimation of a threshold of
critical drops would be of great interest, especially for the purpose of, for example, predictive
maintenance of power tools. Another interesting research question would be the diagnosis or
prediction of such failures.

A.2  Casing failures due to resonance excitation

The impact of resonance excitation on lithium-ion cells has been tested in two master theses,
supervised by the author. Tillinger excited the prismatic lithium-ion cells that are investigated in
Chapter 7 at their resonance with varying excitation levels and cell support on three edges for the
connection with the shaker. The resulting failure of the cell casing, probably due to fatigue is depicted
in Fig. 29. [197]
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Fig. 29: Broken casing probably due to resonances excited during a sine sweep test from 50-1000
Hz (sweep rate 0.1 oct/min) with stepwise increased amplitude from 1-15 g (1 g increment) with
fixation at three edges [197]

Schenk used resonance excitation for the testing of cylindrical lithium-ion cells. A Molicel
IHR18650A glued with two component adhesives to the shaker at its positive pole also caused the
cell to open. This casing failure is depicted in Fig. 30. [100]

Fig. 30: 18650 cell Molicel IHR18650C with broken casing after resonance excitation. During the
test the positive pole of the cell was glued to the shaker adapter, and the resonance caused the cell
to break at the connection of the can and the positive cell cap [100].
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A3

List of lithium-ion cell related recalls

Table 6 depicts all the recalls, which are investigated in Section 4.1.

Table 6: List of analyzed recalls with the respective web reference and the number of failed items
kiait and the number of sold items nsoiq. This list does not include the eliminated recalls according to

Section 4.1.
Recall date Web reference Company Product Product Cell Krait Nsold
category type
http://www.cpsc.gov/en/Recalls/2001/ '\Dﬂild_llj_lfattery Lithium
2000/10/13 CPSC-Dell-Announce-Recall-of- Dell . Laptop - 1 27,000
- Rechargeable Li- -ion
Batteries-for-Notebook-Computers/
lon Battery
http: .CpSC. Recalls/2001,
ctlg%/c/m—é%sﬁwggye/re-nc/of;-a oot Notebook Lithium
2001/05/03 Dell Computer Laptop : 1 284,000
Announce-Recall-of-Notebook- : -ion
- Batteries
Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2002/ :
P Computer Batteries for s
2001/11/13 CPSC-Computer-Disiributors- Distributor  Notebook Laptop Lithium 13,000
Announce-Recall-of-Batteries-for- s Computers -ion
Notebook-Computers/ P
http://www.cpsc.gov/en/Recalls/2004/ Batteries in
CPSC-Kyocera-Wireless-Corp- Kyocera Kyocera Cell Electronics: Lithium
2004/01/23 o 4 Phones (Model § X 4 140,000
Announce-Recall-of-Batteries-in- Wireless 7135 Cell phones -ion
Smartphone-Cell-Phones-/
Smartphones)
Rechargeable
http://www.cpsc.gov/en/Recalls/2004/ batteries used in Lithium
2004/08/19 CPSC-Apple-Announce-Recall-of- Apple 15-inch Laptop ~ion 4 28,000
PowerBook-Computer-Batteries-/ PowerBook G4
computers
http://www.cpsc.gov/en/Recalls/2005/ Recha_rgeablg
2005/05/20 CPSC-Apple-Announce-Recall-of- Anple ga;t::]'gs for iBook Lanto Lithium 6 128,000
iBook-and-PowerBook-Computer- op ptop -ion '
- PowerBook G4
Batteries/
computers
Li-Polymer
http://www.cpsc.gov/en/Recalls/2005/ b"’!“ery pack sold
CPSC-Belkin-Announce-Recall-of- with Bluetooth™ Electronics:
2005/06/21 - - Belkin Global Positioning L LiPo 15 10,300
Batteries-Sold-with-Bluetooth-GPS- Navigation
R System (GPS)
Navigation-System/ N
Navigation
System
http://www.cpsc.gov/en/Recalls/2005/ Battery- 2;& inggﬁ@ Lithium
2005/06/22 CPSC-Battery-Biz-Announce-Recall- atiery 9 Laptop - 6 10,000
- Biz notebook -ion
of-Notebook-Computer-Batteries/ .
computer batteries
http://www.cpsc.gov/en/Recalls/2006/ HP and Compaq
CPSC-Hewlett-Packard-Company- Notebook Lithium
2005/1014 Announce-Recall-of-Notebook- HP Computer Battery Laptop -ion 16 135,000
Computer-Batteries/ Packs
http://www.cpsc.gov/en/Recalls/2006/ géléﬁgrgeable
CPSC-Nikon-Inc-Announce-Recall-to- . . Electronics: Lithium
2005/11/08 Replace-Rechargeable-Battery-Packs- Nikon Inc.  Battery Packs with Digicam -ion 4 710,000
Sold-with-Digital-SLR-Cameras/ Model Number
g EN-EL3
http://www.cpsc.gov/en/Recalls/2006/ Dell Notebook Lithium
2005/12/16 CPSC-Dell-Announce-Recall-of- Dell Computer Laptop Zion 3 22,000
Notebook-Computer-Batteries/ Batteries
http://www.cpsc.gov/en/Recalls/2006/ Petters Battery packs used
CPSC-Petters-Consumer-Brands-LLC- ~ Consumer with Polaroid- Electronics: Lithium
2005/12/22 Announce-Recall-of-Batteries-Found- Brands brand portable DVD player -ion 8 165,000
In-Polaroid-Portable-DVD-Players/ LLC DVD players
Lithium-lon
http://www.cpsc.gov/en/Recalls/2006/ Polycom batteries in Electronics: Lithium
2006/02/17 Polycom-Inc-Recalls-Conference- i SoundStation2W Wireless . 2 27,700
- p Inc. - -ion
Phone-Batteries-for-Fire-Hazard/ wireless phone
conference phone
http://www.cpsc.gov/en/Recalls/2006/ :ztzggoiompaq Lithium
2006/04/20 HP-Recalls-Notebook-Computer- HP Laptop - 20 15,700
- - Computer -ion
Batteries-Due-to-Fire-Hazard/ )
Batteries
Dell-branded
lithium-ion
http://www.cpsc.gov/en/recalls/2006/d . s
2006/08/15 ell-announces-recall-of-notebook- Dell ‘!;ve?;thercleelslsmade Laptop _Li:jt::lum 6 4,200,000

computer-batteries-due-to-fire-hazard/

manufactured by
Sony
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http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Computer-Corp-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Computer-Corp-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Computer-Corp-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2001/CPSC-Dell-Computer-Corp-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2002/CPSC-Computer-Distributors-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2002/CPSC-Computer-Distributors-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2002/CPSC-Computer-Distributors-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2002/CPSC-Computer-Distributors-Announce-Recall-of-Batteries-for-Notebook-Computers/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Kyocera-Wireless-Corp-Announce-Recall-of-Batteries-in-Smartphone-Cell-Phones-/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Kyocera-Wireless-Corp-Announce-Recall-of-Batteries-in-Smartphone-Cell-Phones-/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Kyocera-Wireless-Corp-Announce-Recall-of-Batteries-in-Smartphone-Cell-Phones-/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Kyocera-Wireless-Corp-Announce-Recall-of-Batteries-in-Smartphone-Cell-Phones-/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Apple-Announce-Recall-of-PowerBook-Computer-Batteries-/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Apple-Announce-Recall-of-PowerBook-Computer-Batteries-/
http://www.cpsc.gov/en/Recalls/2004/CPSC-Apple-Announce-Recall-of-PowerBook-Computer-Batteries-/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Apple-Announce-Recall-of-iBook-and-PowerBook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Apple-Announce-Recall-of-iBook-and-PowerBook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Apple-Announce-Recall-of-iBook-and-PowerBook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Apple-Announce-Recall-of-iBook-and-PowerBook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Belkin-Announce-Recall-of-Batteries-Sold-with-Bluetooth-GPS-Navigation-System/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Belkin-Announce-Recall-of-Batteries-Sold-with-Bluetooth-GPS-Navigation-System/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Belkin-Announce-Recall-of-Batteries-Sold-with-Bluetooth-GPS-Navigation-System/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Belkin-Announce-Recall-of-Batteries-Sold-with-Bluetooth-GPS-Navigation-System/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Battery-Biz-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Battery-Biz-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2005/CPSC-Battery-Biz-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Hewlett-Packard-Company-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Hewlett-Packard-Company-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Hewlett-Packard-Company-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Hewlett-Packard-Company-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Nikon-Inc-Announce-Recall-to-Replace-Rechargeable-Battery-Packs-Sold-with-Digital-SLR-Cameras/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Nikon-Inc-Announce-Recall-to-Replace-Rechargeable-Battery-Packs-Sold-with-Digital-SLR-Cameras/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Nikon-Inc-Announce-Recall-to-Replace-Rechargeable-Battery-Packs-Sold-with-Digital-SLR-Cameras/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Nikon-Inc-Announce-Recall-to-Replace-Rechargeable-Battery-Packs-Sold-with-Digital-SLR-Cameras/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Dell-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Dell-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Dell-Announce-Recall-of-Notebook-Computer-Batteries/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Petters-Consumer-Brands-LLC-Announce-Recall-of-Batteries-Found-In-Polaroid-Portable-DVD-Players/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Petters-Consumer-Brands-LLC-Announce-Recall-of-Batteries-Found-In-Polaroid-Portable-DVD-Players/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Petters-Consumer-Brands-LLC-Announce-Recall-of-Batteries-Found-In-Polaroid-Portable-DVD-Players/
http://www.cpsc.gov/en/Recalls/2006/CPSC-Petters-Consumer-Brands-LLC-Announce-Recall-of-Batteries-Found-In-Polaroid-Portable-DVD-Players/
http://www.cpsc.gov/en/Recalls/2006/Polycom-Inc-Recalls-Conference-Phone-Batteries-for-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2006/Polycom-Inc-Recalls-Conference-Phone-Batteries-for-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2006/Polycom-Inc-Recalls-Conference-Phone-Batteries-for-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2006/HP-Recalls-Notebook-Computer-Batteries-Due-to-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2006/HP-Recalls-Notebook-Computer-Batteries-Due-to-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2006/HP-Recalls-Notebook-Computer-Batteries-Due-to-Fire-Hazard/
http://www.cpsc.gov/en/recalls/2006/dell-announces-recall-of-notebook-computer-batteries-due-to-fire-hazard/
http://www.cpsc.gov/en/recalls/2006/dell-announces-recall-of-notebook-computer-batteries-due-to-fire-hazard/
http://www.cpsc.gov/en/recalls/2006/dell-announces-recall-of-notebook-computer-batteries-due-to-fire-hazard/
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http://www.cpsc.gov/en/recalls/2006/a
pple-announces-recall-of-batteries-

Rechargeable,
lithium-ion
batteries with cells
manufactured by

2006/08/24 used-in-previous-ibook-and- Apple Sony for certain ) ;o Lithium 1,800,000
: previous iBook -ion
powerbook-computers-due-to-fire- G4 and
hazard/ PowerBook G4
notebook
computers only
Rechargeable,
http://www.cpsc.gov/en/Recalls/2006/ lithium-ion
Lenovo-and-IBM-Announce-Recall- Lenovo & batteries used in Lithium
2006/09/28 of-ThinkPad-Notebook-Computer- IBM ThinkPad Laptop -ion 1 526,000
Batteries-Due-to-Fire-Hazard/ notebook
computers
Rechargeable,
lithium-ion
batteries
containing Sony
cells used in
Fujitsu Computer
http://www.cpsc.gov/en/Recalls/2007/ (S:)ésrte;ztion Lithium
2006/10/23 Sony-Recalls-Notebook-Computer- Sony Gatgwa Iné Laptop <ion 16 3,420,000
Batteries-Due-to-Previous-Fires/ yInc.,
Sony Electronics
Inc., and Toshiba
America
Information
Systems Inc.
notebook
computers.
http://www.cpsc.gov/en/Recalls/2007/
Battery-Packs-for-Toy-Vehicles- Battery Packs for .
2007/02/13 Recalled-by-JAKKS-Pacific-Due-to- JAKKS Toy Vehicles Toys LiPo 33 245,000
Fire-Hazard/
Lithium-ion
http://www.cpsc.gov/en/Recalls/2007/ extended-life
Lenovo-Recalls-ThinkPad-Notebook- batteries used in Lithium
2007/03/01 PC-Extended-Life-Batteries-Due-to- Lenovo ThinkPad Laptop -ion 4 205,000
Fire-Hazard/ notebook
computers
Radio Control
http://www.cpsc.gov/en/Recalls/2007/ Model Airplanes
Estes-Cox-Radio-Control-Airplanes- Models 4153 and -
2007/03/27 with-Lithium-Polymer-Batteries- Estes-Cox E1161) with Toys LiPo 9 66,000
Recalled-for-Fire-Hazard/ Lithium Polymer
Batteries
Rechargeable
http://www.cpsc.gov/en/Recalls/2007/ I|th|ur_n—|on
Acer-America-Corporation-Recalls- batter_le_s Lithium
2007/04/25 - Acer containing Sony- Laptop - 16 27,000
Notebook-Computer-Batteries-Due-to- . -ion
Previous-Fires/ made cells used in
e Acer notebook
computers.
http://www.cpsc.gov/en/Recalls/2007/
Gateway-Inc-Recalls-Notebook- Gateway Gateway Lithium- Lithium
2007/06/19 Computer-Batteries-Due-to-Fire- Inc. lon Battery Packs Laptop -ion 4 14,000
Hazard/
http://www.cpsc.gov/en/Recalls/2005/ .
; = Mintek Portable DVD :
CPSC-Mintek-Digital-Inc-Announce- - Electronics: .
2007/10/23 Recall-of-Portable-DVD-Player- IIDnlgltal p:;:f; battery DVD player LiPo 10 116,000
Batteries/ ' P
http://www.cpsc.gov/en/Recalls/2008/ "Sky Scrambler"
Remote-Controlled-Helicopter-Toys- and "The Sharper Lithium
2008/07/24 Recalled-by-Innovage-Due-to-Fire- Innovage Image” Wirelegs Toys -ion 2 685,000
and-Burn-Hazards/ Indoor Helicopters
http://www.cpsc.gov/en/Recalls/2008/ Batteries Used in
Hobbico-Inc-Recalls-Batteries-Used- Hobbico ) .
2008/08/19 In-Radio-Controlled-Helicopters-Due- Inc. Rad_lo—ContrqIIed Toys LiPo 28 11,000
- Helicopter Kits
to-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2008/
2008/09/03 CordIess—Screwdri\_/ers—RecaIIed—bv— Menards \%?tstgziglrgsse’ﬁ' Misc: ) L_ithium 3 42,000
Menards-Due-to-Fire-and-Burn- S ; Screwdriver -ion
crewdrivers
Hazards/
http://www.cpsc.gov/en/Recalls/2008/ Certain VAIO TZ- Lithium
2008/09/04 Sony-Recalls-Notebook-Computers- Sony series Notebook Laptop - 15 73,000
-ion
Due-to-Burn-Hazard/ Computers
http://www.cpsc.gov/en/Recalls/2009/ : .. s
2008/10/14 Wireless-Headset-Batteries-Recalled- o ChoL0Wireless - Flectionics: - Lithium 1,200,000
by-GN-Netcom-Due-to-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2009/ HP Lithium-lon
PC-Notebook-Computer-Batteries- - Batteries used in Lithium
2008/10/30 Recalled-Due-to-Fire-and-Burn- BZTIh'ba’ Hewlett-Packard, Laptop -ion 19 100,000

Hazard/

Toshiba, and Dell
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http://www.cpsc.gov/en/recalls/2006/apple-announces-recall-of-batteries-used-in-previous-ibook-and-powerbook-computers-due-to-fire-hazard/
http://www.cpsc.gov/en/recalls/2006/apple-announces-recall-of-batteries-used-in-previous-ibook-and-powerbook-computers-due-to-fire-hazard/
http://www.cpsc.gov/en/recalls/2006/apple-announces-recall-of-batteries-used-in-previous-ibook-and-powerbook-computers-due-to-fire-hazard/
http://www.cpsc.gov/en/recalls/2006/apple-announces-recall-of-batteries-used-in-previous-ibook-and-powerbook-computers-due-to-fire-hazard/
http://www.cpsc.gov/en/recalls/2006/apple-announces-recall-of-batteries-used-in-previous-ibook-and-powerbook-computers-due-to-fire-hazard/
http://www.cpsc.gov/en/Recalls/2006/Lenovo-and-IBM-Announce-Recall-of-ThinkPad-Notebook-Computer-Batteries-Due-to-Fire-Hazard/
http://www.cpsc.gov/en/Recalls/2006/Lenovo-and-IBM-Announce-Recall-of-ThinkPad-Notebook-Computer-Batteries-Due-to-Fire-Hazard/
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