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ABSTRACT

The capacity and energy density of the current rechargeable batteries are not sufficient to meet the
future energy storage demands. One of the strategies to solve this issue is to replace the existing
electrode material with high performance materials. The commercial electrodes are composites
which consist of active material particles (that are responsible for energy storage), a polymer binder
with conductive additives which holds all the particles together and provides electrical network.
Both the negative (i.e., anode) and positive (i.e., cathode) electrodes are composites. Graphite is
the conventional active material in the anode, and the high performance materials such as Si, Sn,
Ge are being considered as a replacement for graphite due to their energy density. For example,
Si offers nearly 10 times more capacity compared to graphite (i.e., 3579 mAh/g compared to 372
mAh/g). However, these high-performance materials exhibit poor cyclic performance and undergo
significant capacity fade, i.e., reduction of usable capacity with cycling. To address these issues, the
dissertation has two broad goals: 1) to develop novel experimental methods for interface fracture
characterization in batteries and 2) to develop a comprehensive multiphysics model for rechargeable
batteries.

Capacity fade occurs in batteries mainly due to two different mechanisms: chemical and
mechanical processes. The chemical process involves loss of active ions due to irreversible reaction
resulting in the formation of a passivation layer called the solid electrolyte interphase (SEI). The
mechanical process involves fracture of active material particles or failure of the interface between
binder and active material particles. In this work, the focus is on the mechanical process and
especially the failure of binder/active material interfaces in the negative electrode (i.e., anode).
Although the binder/active material interfaces exist in both anode and cathode, large volume
changes of anode materials make the interface failure a critical issue for anodes. For example, the
most promising next generation anode material Si undergoes nearly 270% volume change during
electrochemical cycling. This level of volume change causes interface failure and loss of electrical
network in the electrode resulting in capacity fade. In spite of its importance, there is a lack of

understanding on the interface failure in rechargeable batteries. In this study we developed a novel



experimental method to characterize the interface failure behavior in lithium-ion battery system.
Specifically, PVdF polymer was used as a binder and Si as active material in this model system.
Samples for fracture characterization were prepared by depositing PVdF on Si substrate followed by
a series of nanofabrication processes. The blister test samples fabricated in this process were tested
in a novel electrochemical cell in conjunction with an in-house optical system based on Michelson
interferometer principle. The samples were pressurized until the PVdF film delaminated from
Si substrate. The mechanical response of the pressurized film was measured, and the PVdF/ Si
interface fracture was characterized in terms of critical energy release rate Gec. The effect of thermal
oxide (i.e., SiO,) on the interface failure behavior was investigated. Further, the same setup was
used to determine the effect of galvanostatic electrochemical cycling of Si on the interface failure
behavior.

The significant volume change behavior of the next generation high-performance materials
during electrochemical cycling can generate stresses as high as 1 GPa. These high stresses in
high-performance material undergoing large deformation affects the diffusion of ions in active
material particle, affects the voltage of a battery, and also affects the electrochemical kinetics at the
electrode/electrolyte interface. Theoretical models are necessary to develop high energy density
and durable batteries for future energy storage demands. The current battery models account for
the stress-potential coupling but assume steady state electrochemical kinetics. However, transient
electrochemical kinetics are required to capture rate dependent electrochemical behavior usually
observed in batteries during operation, i.e., when current is drawn at various rates during discharge
process of a battery. Also, the existing models were developed based Li-ion batteries, and there
is a need to extend the models to other battery systems (i.e., other chemistries such as Na-ion).
Therefore, we have developed a theory for Li-ion and Na-ion electrode active materials. A diffusion-
deformation model with transient electrochemical kinetics was developed and implemented in a
finite element package.

By combining the experimental and modeling tasks outline above, this dissertation successfully

characterized and simulated the failure behavior of binder/active material interface.
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CHAPTER 1
INTRODUCTION

1.1 Rechargeable batteries and associated challenges

Rechargeable batteries play a key role in automotive, defense, aerospace, and biomedical
applications due to their ability to store and deliver energy on demand. Lithium ion batteries
(LIBs) are the primary choice as energy storage devices owing to their high energy and power
density compared to other battery chemistries as shows in Fig. 1.1. LIBs have seen exponential
growth in recent years due to sustainability and clean environment goals of US and many other
countries. As a result of the increased demand and dwindling lithium metal reserves, cost of LIBs
is increasing. This has prompted an intense focus on the development of other battery chemistries
such as Na-ion, Mg-ion, Al-ion, Li-air etc. The development of LIBs and other chemistries is
driven by the goal of enhancing energy and power density. In the case of LIBs, one of the strategies
being pursued at the moment is to replace conventional electrode materials with high performance
alternatives. This approach poses several challenges that needs to be addressed. In this chapter,
a brief background of LIBs is presented first along with the challenges associated with replacing

conventional materials, and finally we state the objectives of this research.
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Figure 1.1 Ragone plot showing Specific Energy and Specific Power for different battery
chemistries [1].



The commercial Li-ion batteries consist of four main components: (1) anode, (2) electrolyte,
(3) cathode, and (4) separator as shown in 1.2. The electrolyte consists of a salt of a Li-ion
(e.g., 1 M lithium hexafluorophosphate (LiPFg) dissolved in non-aqueous solvents such as ethylene
carbonate(EC), diethyl carbonate(DEC), dimethyl carbonate DMC) and provides the pathway for
ion transport between electrodes. The positive ion (e.g. Li*) move between cathode and anode
via. the electrolyte during charge and discharge process while electrons move through the external
circuit. The separator (typically a thin membrane made of polymer) physically separates the two
electrodes to prevent electrical short circuit between them.

The commercial Li-ion battery electrodes (i.e. anode and cathode) are composites consisting
of a mixture of active material particles bonded together by polymeric binder as shown in Fig.
1.2. Typically, a polymeric material such as polyvinylidene fluoride (PVdF) or carboxymethyl
cellulose (CMC) is used as a binder, and conductive additives (carbon black) are added to it to
impart electrical conductivity. To fabricate electrodes (anode and cathode shown in Fig.1.2), the
mixture of binder and active particles (graphite particles in anode and LiCoO; particles in cathode)
is cast onto a sheet of current collector (Cu for anode and Al for cathode). It can be noted from
Fig. 1.2 that the conductive binder network between the particles provides the means for electron
transfer throughout an electrode.

The specific capacity of the state-of-the-art anode material, i.e., graphite, is 372 mAh/g. This
however, does not meet the requirement of the current and future energy storage demands of electric
vehicles, where capacities of 2 to 5 times higher are required [6]. One way to achieve this is to
replace graphite with high performance electrode materials such as Group IV elements (viz. Sn,
Si, Ge). For example, replacing Si with graphite increases the theoretical capacity of LIB by more
than 30% [7]. This is because the theoretical capacity associated with Liz 75Si formation is 3569
mAh/g[7], i.e., when Li reacts with Si during electrochemical cycling, which is 10 times higher
capacity than that of graphite. One of the main roadblocks preventing the widespread use of Si
or other high-performance electrode materials is their poor cyclic life, i.e., rapid the capacity fade

during cycling[8, 9].
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Figure 1.2 Shows of a composite lithium ion battery.

1.2 The challenge of interface failure in batteries

Capacity fade is defined as the decrease in the capacity of a battery after multiple charge-
discharge cycles; Fig. 1.3a shows the capacity fade in a Si composite electrode. Capacity fade
occurs due to chemical and mechanical processes that occur during battery operation. In the
chemical process, a passive layer called solid electrolyte interphase (SEI) forms on fresh electrode
surfaces and consumes the available lithium in the electrode [10]. Fig.1.3b shows the schematic
of SEI formation process which occurs when electrolyte solvent reacts with active Li ion and an
electron from conductive surface such as the active particles. As the passive SEI layer becomes too
thick, it impedes the Li* ion transport and the associated SEI formation reactions on the surface of
the anode.

Besides the chemical process, mechanical degradation becomes an important capacity fade
mechanism for new higher performance electrodes due to their large volume change behavior [11].

For example, upon reacting with Li, Si active material (particle, film, or nanotube) expands by
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Figure 1.3 a) The reduction in capacity with cycle number i.e. capacity fade of a Si composite
electrode[2], b) Schematic of SEI formation mechanism on the surface of an electrode[3] ¢)
Fracture of a 100 nm Si thin electrode due to electrochemical cycling. The channel cracks are
formed due to large tensile stress 1 GPa that was developed during electrochemical cycling[4].



more than 300% [12]. This level of expansion when constrained generates significant amount of
stress in the lithiated Si. Sethuraman et al.[13] found that the stress level in Si thin film could be
as high as 1.5 GPa when reacting with Li. Similar stress magnitudes have been observed for Sn
[14], Ge [15, 16] and for Ge anodes in Na ion battery [?]. This level of electrode stresses will
eventually lead to fracture of electrodes (particles and thin films) Fig. 1.3c [4, 17] or the failure
of polymer binder/particle interfaces [18]. The fracture of Si thin film anode has been studied by
Nadimpalli et al. [4] and Pharr et al [17]. However, the fracture of polymer binder/active material
interface, which is responsible for electrical network in the electrode, has not been studied before
in a systematic way. This thesis will focus on the failure of the polymer binder/active material
interface.

In a composite electrode, the polymer binder not only holds the particles together but it provides
electrical network necessary for sustaining chemical reactions [8, 19, 20, 21, 22, 23, 9]. When
the stress level at the active material/binder interface reaches a limit, the binder delaminates from
the surface of active particle causing electrical isolation of particles, which leads to capacity fade.
The electrical isolation of active particles due to polymer/active particle interface failure is one
of the leading mechanisms of capacity fade. For a battery to operate successfully, a strong and
stable polymer/active material interface is needed and is critical for achieving longer cyclic life of
batteries.

Studies on composite electrodes [24, 18, 8, 19, 25, 26, 27, 28] showed that a stronger bonding
between binder and active particles (i.e., a stronger binder/active material interface) improved
the cyclic performance of the electrodes. Similarly, in situ stress measurements in composite
electrodes by Sethuraman et al., [28] demonstrated, experimentally, that polyvinylidene fluoride
(PVdF) binder, when used in Si-based composite electrodes, showed poor cyclic performance
compared to carboxymethyl cellulose (CMC), and it was attributed to the nature of bonding.
Hence, understanding the interface failure behavior of battery electrodes is critical for improving
the durability of high-performance battery electrodes.

In spite of the importance, very few studies [25, 28, 29] exist on the binder/active material



interface failure and all of them are qualitative in nature. For example, scratch tests [24, 30, 31], and
peel test [8, 32, 33, 34, 35] can only provide relative ranking of interface strength and do not measure
fundamental mechanical properties that can be used to predict the failure of the interfaces under other
configurations or loading conditions. More recently, Miiller et al.[36] carried out X-ray imaging of
composite electrodes to understand the interface degradation mechanisms. However, a systematic
study on the direct measurement of fundamental mechanical property that characterizes the interface
failure in battery electrodes is still missing. The challenges associated with measurements on
micro or nanoscale samples (typical dimension of binder bridges in composite electrodes) and
the lack of mechanical characterization of active materials [37, 38, 39, 28] and polymer binders
[40,22,26,27,41] until recently, could be one reason for the lack of systematic study on the interface
failure characterization. Therefore, in this study our objective is to experimentally characterize as

prepared and cycled Si/polymer binder interfaces failure.

1.3 Multiphysics model for designing high performance electrodes

A comprehensive multiphysics model that can account for damage in electrodes is essential
for durable and high energy density electrode designs. This is due to the strong coupling between
electrochemical and mechanical phenomena in the next generation electrode materials such as Si.
For example, it was observed that a 1 GPa of stress in (Si) electrode could change the voltage of the
electrode by 0.64 V vs. Li/Li+ [42]. Similarly, stress also affects the solid state diffusion of ions;
Tripuraneni et al.[43], observed that the diffusion of Li-ion was enhanced under tensile stress and
was impeded under compressive stress. Battery models should be able to account for this strong
coupling between mechanical and electrochemical phenomena.

Some of the earliest battery models to include stress were developed by [44, 45, 46]; there
were able to study the fracture of linear elastic electrode particles. Analytical model for single
particle electrodes were developed by [47], and later they extended the model to large volume
changing electrodes [48]. Models were also developed for nanowires which included surface
energy and surface stress [49], cohesive zone mode for thin film fracture [50], and multiscale

model which included microscopic (e.g. particle-particle interaction) and macroscopic effects(e.g.



electrochemical kinetics, deformation) [51, 52, 53]. However, all these models assumed that the
electrodes are linear elastic materials, which is a plausible assumption for cathode materials (e.g.
LiCo0O,) or anode materials such as graphite which expand only few percent upon cycling [54, 55]
and not for high performance future electrode materials, especially negative electrode materials.

The large volume expansion group IV elements undergo extensive plastic deformation [4, 17,
13, 56, 57]. Plastic deformation of electrodes contributes to energy losses, and Sethuraman et
al. showed that, for thin film electrodes, it is nearly 50% of total battery losses for amorphous Si
electrode and similar observations have been made for Ge electrodes in Li and Na-ion batteries
[39]. Hence, it is important to model the plastic deformation of electrode materials. In addition,
the battery models need to account for diffusion in the volume expanding materials as the recent
high-performance electrode expand nearly 300%. . Therefore, a model with coupled diffusion
and large deformation kinematics which can also treat plasticity of electrode particles is needed to
design durable and efficient electrode microstructures.

The coupled diffusion and large deformation models in literature which include plasticity were
developed by Bower et al. [58, 59, 60, 61] and Anand et al.[62, 63]. In addition to treating the
plasticity of electrode particles, their formulation includes a stress-potential coupling, which was
numerically implemented in a finite element framework. For example, in their formulation, the
chemical potential of the electrode is a function of the stresses in the electrode. The stress and
potential are obtained simultaneously in this formulation as they influence each other, resulting in
proper mechanical and electrochemical coupling which previous models lack. Although this is a
major advancement in the electrochemo-mechanical modeling of energy storage materials, these
models did not include transient kinetics at the electrode particle/electrolyte interface, i.e., the effect
of double layer is not considered in these models.

A double layer of charge exists at the electrode particle/electrolyte interface due to the ac-
cumulation of charged particles [64] as shown in the schematic Fig. 1.4. The behavior of this
electric double layer is similar to that of a capacitor. The charged particles setup up a capacitance

which controls the charge transfer reaction, i.e., ions entering/leaving electrolyte or electron enter-



2]
®
- Electfolyte '

Charge distribution at interface forming
double layer

Figure 1.4 Show the schematic of interface between a-Si (amorphous silicon) and electrolyte
interface with an intermediate solid electrolyte interface (SEI) layer formed due to degradation of
electrolyte(The dotted line between electrolyte and SEI is shown for clarity). The charge
distribution at the interface between a-Si and electrolyte forms a double layer.

ing/leaving the electrode. This capacitance buffers any sudden change in potential or current and
provides a smoother transition to any step changes in potential or current and imparts a transient
nature, i.e., time dependent behavior, to the interfacial kinetics.

The lithiation/delithaition reaction, i.e., redox(reduction-oxidation) reaction is governed by
Butler-Volmer kinetics which describes the relation between the current and the potential difference
between active material particle and the electrolyte. Similarly, Tafel kinetics which govern the
current for loss reaction i.e. SEI formation is also related to the potential difference. The current
and potential difference in both Butler-Volmer and Tafel kinetics are exponentially related allowing
it to be numerically solved. Except Bucci et al. [61], numerical implementation of steady state
electrochemical kinetics was not observed in large deformation theory.

Here we implement a simple double layer capacitance model relating the current associated
with double layer charging to the rate of change of potential; the proportionality constant will be
the double layer capacitance. A similar description was used by [65, 66]. This implementation
will allow accurate prediction of the potential and stress evolution in electrodes even when the
battery is not being charged or discharge, i.e., under open circuit condition. This model being
developed will describe the potential change during open circuit potential which was neglected in
large deformation electrode models. Further, most of the existing models, i.e., large deformation

kinematics coupled with diffusion and electrochemistry was developed based on lithium-ion battery



electrode materials. Since there is significant need for the advancement of rechargeable batteries
with other chemistries including Na-ion, Mg-ion, S-ion etc., we not only implement the transient

kinetics to the existing models but extend the model to sodium ion battery electrodes.

1.4 Objectives of the thesis

The two major objectives of this work are:

1. Provide a framework for experimental characterization of interface failure between binder/active

material interface.

a) Develop a new optical setup based on interferometry principle to measure deflection

and identify fracture in real-time.
b) Design and fabricate new electrochemical cell design to enable measurements.
¢) Design and fabricate novel interface fracture samples.

d) Develop testing methodology and overcome all the challenges associated with it.

2. Develop a continuum mechanics model for coupled diffusion-deformation and electrochem-
ical behavior of high energy density rechargeable battery electrodes. This objective will be

achieved with the following tasks.

a) Formulate a coupled diffusion-deformation and electrochemical theory.

b) Numerically implement the theory in ABAQUS finite element software. This will
involve developing new user element subroutine (UEL) for axisymmetric, plane-strain

and 3D elements.

¢) Verification of the code with solutions based on classical diffusion theories and large-

deformation plasticity theories.

d) Calibration of the finite element code with two different battery chemistries (Na-Ge and

Li-Ge systems) to prove robustness.



The rest of the document is organized as follows. Chapter 2 explains interface fracture char-
acterization methods with the description of sample fabrication, electrochemical cell assembly,
experimental setup, and finite element and analytical analysis. Chapter 3 and 4 Describes the
results and observations of interface fracture experiments. Chapter 5 describes theoretical formu-
lation, numerical implementation, verification, and calibration. Chapter 6 describes the conclusion

and future work.
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CHAPTER 2

EXPERIMENTAL METHOD TO CHARACTERIZE THE INTERFACE FAILURE
In this chapter, we will describe the procedure to prepare interface degradation samples, an ex-
perimental setup constructed to measure delamination, and procedure to obtain energy release

rate.

2.1 PVdF/Si Sample Preparation

To characterize PVdF/Si interface failure, a sequence of micro and nanofabrication processes
shown in Fig. 2.1b were used to fabricate the samples. First, a single side polished (100) Si wafer
(4 in diameter, 550 pm thickness) was rinsed with acetone and isopropyl alcohol to remove any
contaminants on the surface and BHF (Buffered Hydrofluoric acid) dipped to remove any surface
oxide. This transition from hydrophilic to hydrophobic nature was shown by the water droplets
which confirms the removal of oxide. The 4 in wafer was then spin coated with a uniform solution
of 10 wt% PVdF (Polyvinylidene fluoride) in NMP (1-Methyl-2-pyrrolidone) at 600 rpm for 30 s
using a spin coater (VTC-100 A, MTI Corp.) and dried at 100°C for 8 hrs. in vacuum oven to
obtain a 6.8 + 1.232 nm PVdF film on the Si surface. This process was performed on polished side
of the wafer.

Using a standard photolithography process (Karl Suss MA/BA6 mask aligner) and SPR220
photoresist, a circular (1000 pm diameter) patterns were created on rough side of the wafer. The
exposed circles were etched using Si using Deep Reactive ion etching (DRIE) to create a trench
500 pm deep. This was followed by through etching using XeF2 to create a free-standing area of
PVdF film. The two-step etching process was conducted so the DRIE plasma does not attack the
PVdF film also, PVdF is known to be passive against XeF2. The Wafer was cleaned using DI water
to remove any contaminants. Note, acetone and Isopropyl alcohol clean was avoided for cleaning
due to film wrinkling and delamination. Since the PVdF film is translucent, a 100 nm Cu was
sputter deposited on the lower surface of PVdF, also seen in Fig. 2.1c, to enable light reflection
and optical measurements.

The interface fracture sample prepared (fig. 2.1c) shows two distinct regions in free standing
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Figure 2.1 a) Schematic of the PVdF/Si sample showing various system parameters, b) the sample
preparation process, and c¢) axisymmetric sample with 1200 ym diameter for PVdF/Si interface
fracture property (G.) measurement.
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area of the film a bright region surrounded by a dark ring. The bright region is illuminated by the
Cu beneath the film and the dark region is a region below PVdF where there is no Cu deposited.
The dark region exists on top of the Si surface where there is a microscopic gap present between
PVdF film and Si surface i.e. the dark region is referred as the pre-crack and is represented as Aa
in Fig. 2.1a. A focused ion beam cut (FIB) of the sample verifying the presence of pre-crack. The
pre-crack formation occurs during XeF, etching as the sample is subjected to excess exposure time
to remove any remnant Si below PVdF. During this process, etching occurs in x-direction along
with z-direction as XeF?2 is an isotropic etch process unlike DRIE which is anisotropic where the
etch rate in z-direction is significantly higher than x-direction. A sample with pre-crack is ideal for

interface failure investigation allowing crack to propagate at the interface.

2.2 PVdAF/SiO, Sample Preparation

Figure 2.2a shows a schematic of the interface fracture sample which consists of a uniform
thin film of PVdF bonded to SiO, surface, and the schematic in Fig. 2.2b shows a sequence of
micro and nanofabrication processes used to fabricate the samples. An optical micrograph of
the actual (axisymmetric or circular) sample is shown in Fig. 2.2c. First, a single side polished
Si wafer (4 in diameter, 550 pm thickness) with a 500 nm of thermally grown SiO, layer was
rinsed with acetone and isopropyl alcohol to remove any contaminants on the surface. Using
a standard photolithography process (Karl Suss MA/BA6 mask aligner) and SPR220 photoresist
(MegapositTM), a circular (1000 pm diameter) pattern was created on the rough side of the wafer.
The exposed circular areas of SiO, were etched using inductively coupled plasma-reactive ion
etching (ICP-RIE, SPTS Technologies) to remove the oxide; this was followed by through etching
of Si using deep reactive ion etching (DRIE, SPTS Technologies) to create the trench below
free-standing area of the film. After these etching steps, the samples were thoroughly cleaned
with acetone, isopropyl alcohol, and nanostrip (a stabilized mixture of sulfuric acid and hydrogen
peroxide) to remove any organic residue on surface of SiO; (on the polished side of the wafer) that
will be bonded to PVdF.

A uniform solution of 10 wt% PVdF in NMP (1-Methyl-2-pyrrolidone) was spin coated on the
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free-standing Si02 surface at 600 rpm for 30 s using a spin coater (VTC-100 A, MTI Corp.) and
dried at 100°C for 1 hr to obtain a 6.0 = 1.0 pym PVdF film on the SiO; surface. The free standing
Si02 film supporting the PVdF was removed using reactive ion etch (or RIE etch, Nordson March
RIE-1701) to create a free standing PVdF film as shown in Fig. 2.2c. Since the PVdF film is
translucent, a 130 nm Cu was sputter deposited on the lower surface of PVdF, also seen in Fig.

2.2c, to enable light reflection and optical measurements.

2.3 Experimental setup and test procedure

Figure 2.4a shows the schematic of the experimental setup which consists of four components: 1)
blister test cell, 2) pressure transducer, 3) mass flow controller, and 4) an interferometer. All these
components are controlled and monitored by a computer via a LabView program; the program
controls the sensors, records the data, acquires images, and synchronizes the data with images
obtained during fracture test. The samples (prepared as per section 2.2 and shown in Fig. 2.2) were
placed in the custom-made blister test cell and clamped with gaskets above and below the sample
to prevent leak. The current cell design and clamping method produced a leak free cell up to a
pressure of 250 kPa (Fig.2.3), which is significantly higher than the critical pressures expected in
the current experiments.

The free standing PVdF film was pressurized using ultra-high purity Ar gas through an orifice
located below the freestanding film area as shown in Fig. 2.4a. A constant mass flow rate of
0.8 cm?/min (SCCM) of Ar gas was maintained throughout the test using a mass flow controller
(Alicat MC-1SCCM-D) which can control the flowrate to within 1% of the setpoint value. This
mass flowrate resulted in a constant 0.43 kPa/min of pressure loading on the PVdF film during
the test. The pressure in the test cell chamber was measured using a pressure sensor (Omega
PX309-050a5v) with a resolution of 1 kPa. The pressure on the film was increased monotonically
until the film completely delaminated from the SiO, surface. Images of the pressurized film were
captured (using an optical system with a Sum resolution) at an interval of 400 ms throughout the
test. The pressure value corresponding to a 50 pm (of crack) delamination is considered as the

crack initiation pressure (Pc). Figure 2.5b shows an example of a delaminated zone observed in
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Figure 2.2 a) Schematic of the PVdF/S10, sample showing various system parameters, b) the
sample preparation process, and ¢) axisymmetric sample with 1000 gm diameter for PVdF/SiO,
interface fracture property (G.) measurement.
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Figure 2.3 Showing the Pressure vs Time when test cell was kept at 250 KPa showing leak free
clamping.
axisymmetric sample. For clarity, the boundary between intact region and delaminated region is
highlighted with a dotted line.

In addition to pressure, the deflection profile of the PVAF film was measured throughout the
test using the interferometer setup that was designed and fabricated in-house. The setup is based
on the Michelson interferometry principle and Figure 2.4b shows the details of the interferometer.
A green light spectrum with 550 nm + 10 nm wavelength was employed, and it was obtained by
passing white light through a bandpass filter. A combination of collector lens and condenser lens
was used to produce a collimated beam of green light (whose light ray remains parallel) and an
even illumination of the sample. A beam splitter directs the collimated beam towards a 2x Mitutoyo
objective as shown in Fig. 2.4b. The objective was selected to have a field of view big enough to see
the full sample and have enough working distance to accommodate optical and sample clamping
components. A second beam splitter, located between the objective and the sample, splits the
light beam into two and directs one towards a fixed reference mirror and the other towards the
sample surface. The reflected beams from the sample and the fixed standard (flat) mirror create
an interference pattern due to the slight variations in the optical path lengths travelled by the two

beams. Fig. 2.5a shows typical interference patterns formed on an axisymmetric sample. The
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Figure 2.4 a) Schematic of the experimental setup for characterization of binder/active material
interface fracture, and b) the details of the interferometer used for the measurement of
out-of-plane displacements of pressurized PVdF film. The synchronization of data from the
pressure transducer and images obtained from the camera enable identification of the critical
pressure at the onset of delamination.
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images of the interference pattern are recorded using a CMOS-based monochromatic camera (2MP
Basler ace, Edmund Optics Inc.). As the coherency length of the light used is small, it would be
difficult to produce interference pattern if the optical path lengths of the beams (travelling from
sample surface and the standard mirror) deviate significantly. As a result, a glass window was
placed at the reference mirror (see Fig.2.4b) with the same thickness and refractive index as that of

the window near the sample surface to balances the optical path lengths.

B

“Delaminated

; b)

Figure 2.5 a) An axisymmetric sample with typical interference pattern formed on the surface is
shown prior to delamination where the symbol ‘x’ indicates a pixel (at the center of the circular
region) chosen for further analysis, and b) shown the sample after some delamination of PVdF
from SiO, surface, with a portion of delamination or crack front highlighted with a dotted-line for
clarity.

The displacement profile of the pressurized PVdF film was obtained by analyzing the interfer-
ence patterns recorded at a regular interval of 400 ms during a test. A typical interference pattern
formed on the samples can be seen in Fig. 2.5a. The passage of each fringe (i.e., the center of
one bright (dark) fringe to the next bright (dark) fringe) is equal to 275 nm of an out-of-plane
displacement of sample surface, i.e., half of the wavelength of the green light used in the setup
(i.e., Fig.2.4b). Hence, in principle, the height profile of the sample surface or pressurized PVdF
film at any given time can be obtained by simply counting the number of fringes from the edge of
the free-standing area to the center. Such a fringe counting method has been previously used to
obtain out-of-plane displacements [67, 68, 69], and it works well for specularly reflective surfaces

for which fringe patterns are clear and regular (such as the PVdF/SiO; interface in Fig. 2.5a).
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However, rough diffuse surfaces might complicate the fringe counting method; for example, the
fringe pattern formed on free-standing PVdF area (i.e., the circular region in the middle) is not well
defined. Hence, fringe counting method to obtain spatial displacement profile is relatively more
challenging.

Due to this challenge, a slightly modified method was implemented to analyze the fringe patterns
to obtain the displacement profile of the pressurized PVdF film. Instead of counting number of
fringes formed on the entire surface area of the free-standing PVdF film, number of fringes passing
a given point on the sample was counted. For example, the intensity of each pixel such as the one
indicated with “x” in Fig.2.5a was obtained as a function of time throughout the test by analyzing
all the images of a particular test with an image processing code written in Matlab software. Fig.
2.6 shows the normalized intensity as a function of time of the pixel (or the point) indicated as “x”
in Fig.2.5a. The normalized intensity is the ratio of intensity recorded to the maximum intensity
(which for a 8 bit image is 256). The intensity reaches a peak every time a fringe passes the point;
hence, the number of peaks in Fig 2.6 represent the number of fringes that passed the point ‘X’ in
200s, which is equal to an out-of-plane displacement of 2.75 pm (i.e., 10 X 275 nm). The filled
triangle symbol represents the out-of-plane displacement of the point ‘x’ as function of time. It
should be noted that the resolution of the system shown in Fig. 2.4 is 4/4 =137.5 nm, i.e., peak to
valley distance. With this procedure, one can obtain out-of-plane displacement of each point on
the sample surface during the experiment, even if there are no well-defined and clearly identifiable

fringes as seen on the free-standing PVdF surface Fig.2.5a, i.e., on the circular area.
2.4 Theoretical Methods

2.4.1 Finite Element Analysis

Abaqus finite element (FE) software [70] was used to simulate the mechanical behavior of
pressurized PVdF film and the PVdF/Si02 interface fracture. It should be noted that the deformation
behavior of pressurized films consists of small strain but large rotations [?]; hence, NLGEOM ON
option in Abaqus that simulates the large deformation kinematics was prescribed. Figure 2.8 shows

the finite element mesh (of sample in Fig.2.2) along with the boundary conditions of the PVdF
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Figure 2.6 Intensity of the pixel (or point) indicated as ‘x’ in Fig.2.5a is plotted as a function of
time during the experiment. The triangle symbol (corresponding to intensity peaks) represent the
out-of-plane deflection of the point ‘x’ as a function of time. In this example, the total
out-of-plane displacement is 2.75 pm (as 10 peaks passed the point in 200 s).
film on SiO,. The substrate was fixed by constraining nodes at the bottom surface. A symmetric
displacement boundary condition was prescribed for the nodes on the left edge of the film at
x=0. The thickness of the substrate does not affect the stresses either in the PVdF film or at the
PVdF/Si02 interface, hence, it was adjusted to 500 um to optimize computation time. Similarly,
the stresses in PVdF film, in SiO,, or at the interface far from the crack tip in the radial distance
tend to be negligible (see Fig. 2.7); hence, only a portion of the sample dimension was modeled.

The PVdF film was discretized with 8-noded quadrilateral elements CAX8R, and at least ten
elements were included across the thickness of the film with the smallest element size being 50
nm. As per the sample, a Cu coating of 130 nm below the free-standing PVdF was included in
the model. Similar to PVdF, the SiO2 was discretized with CAX8R elements, with the size of
smallest element being Snm. To capture the stress singularity, the region around the crack tip, i.e.,

the first ring of elements shown within the circle around crack tip in the inset of Fig.2.8, is modeled
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Figure 2.7 The Mises stress magnitude as function of radial distance where the stress goes to zero
within 100 pm of radial distance.

using special 6-noded triangular elements called singularity elements formed by collapsing 2 nodes
of 8 node element CAX8R. The mesh grading and the element sizes in Fig.2.8 were optimized
through mesh sensitivity study, and further reduction in element size did not produce any significant
change in the results. The strain energy release rate was obtained by evaluating contour integral (or
J-integral) around the crack tip. The method involves defining the crack tip, crack flanks, and the
direction of crack growth as shown in the inset of Fig.2.8. The J-integral [71, 72] was evaluated far
away from the crack tip, to ensure the evaluated J-integral values are path independent. Since the
crack is at the interface, besides the energy release rate, one has to evaluate the phase angle which

provides a measure of shear to opening stresses near the crack tip. The phase angle is given by

G
Y = tan™! e where G and Gy are the energy release rates corresponding to opening and shear

1
mode of fracture, respectively. I. S. Raju [73] proposed a virtual crack closure technique (VCCT)
using for 6-noded singularity elements to calculate energy release rate and corresponding phase

angle for linear elastic materials. Here, this method was used to determine the phase angle and to
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verify if the energy release rate obtained from VCCT matches with that obtained from J-integral.
The PVdF polymer was modeled as a rate dependent isotropic hardening model with the flow

rule given as,

¢’ =D

q n
—— 1 2.1)

o
where éP! is the equivalent plastic strain rate, D and n the temperature dependent material

3
parameters, o¥(e”!) the static yield stress, and g = ES : S the equivalent stress, where S is the

deviatoric stress. As the experiments were conducted under isothermal conditions, no temperature
dependence is considered in the model. The experimental true-stress and true-strain data of PVdF
from Santimetaneedol et al. [27] was provided directly as input to the model (as an alternative
to prescribing D, g, and n values). The SiO,, Si, and Cu coating are modeled as linear elastic
materials. The properties of these materials are outlined in Table 2.1.
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Figure 2.8 Finite element mesh and boundary conditions of the blister test sample. The inset
shows the mesh details near the crack tip and a typical contourd used to evaluate J-integral.

2.4.2 Analytical Methods
The deformation response and fracture parameters of the pressurized films were also evaluated
using closed form analytical expressions proposed in the literature. Although PVdF exhibits time-

dependent material behavior [27], it was assumed as linear elastic material to ascertain if this simple
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Table 2.1 Mechanical properties of materials used in finite element simulation.

Materials Parameters Values  Remarks
S10; Youngs Modulus 71 GPa [72]
Poisson Ratio 0.16
Cu Youngs Modulus 130 GPa [72]
Poisson Ratio 0.34
Si Youngs Modulus 160 GPa [74]
Poisson Ratio 0.28

model can capture the mechanical behavior of the film prior to the onset of delamination. When
the deflections of the film increase to values on the order of film thickness, as in PVdF films here,
the films behave more like a membrane [72]. Using the membrane theory assumption, Small et

al.[75], derived the pressure - central deflection relation for pressurized circular membranes as,

oolec Ectc

P = C1—5wo+ Co————w;
a

T 2.2)

where, P is the pressure applied and wog = w; + w,, the central deflection as per Fig. 2.2. Here
the central deflection is sum of the initial height (w; ) for non-flat films and measured deflection
(wp,) from Fig. 2.6. The geometric parameters of the sample are: the radius of the free-standing
film a, the film thickness 7., and the geometry dependent constants C; and C, which are 4 and 2.475,
respectively, for a circular membrane. Since these equations are for linear elastic membrane, the
necessary material properties are E. which is the Young’s modulus of the film and is the Poisson
ratio. The oy is the residual stress. The central deflection w( for a given pressure P was obtained
by solving the Eq. 2.4.2 using the Newton-Rhapson method.

Since a layer of Cu is deposited below PVdF, the elastic modulus of the PVdF/Cu composite
film is obtained by following the method proposed by Small et al.[76]. The biaxial modulus of the

composite film is obtained as

(2.3)
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where, M is biaxial modulus and the subscripts f, Cu, and c¢ refer to PVdF film, Cu and
composite, respectively. The t¢, tc,, and t. = (t7 + tc,) are the thickness of PVdF, Cu, and
composite, respectively. Since Poisson’s ratio of PVdF and Cu are similar referring to Table 2.1 we
can get Young’s modulus of composite film using Eq. 2.4.2 as 3.6 GPa. The corresponding energy

release rate for pressurized circular membrane[67] is given as,

5 Ectcwg

G=-C
8 2 44

(2.4)

2.5 Experimental Setup and test procedure for interface failure under electrochemical con-
dition

2.5.1 Electrochemical cycling

Figure 2.9a. show the electrochemical cell assembly to lithiate the Si through PVdF. Here the
PVdF/Si sample is mounted on a 2 mm thick stainless steel plate and correspondingly the plate is
adhered to the electrochemical cell using a chemical resistant epoxy (Loctite Stycast 2651 Henkel
Adhesive). A celgard polymer separator soaked with electrolyte (1:1:1 wt% EC:DC:DMC with
LiPFg¢ salt) is placed on top of the sample to allow physical separation between sample and Li
foil and allow a controlled and uniform absorption/soaking of electrolyte by the PVdF film. In
this experiment the PVdF/Si sample acts as a working electrode and Li foil acts as the counter
and reference electrode. Here the edges of the sample and the Cu wire connection were covered
with Loctite adhesive to prevent lithium flux form any other direction except through PVdFE. A
galvanostatic current of 7.5 1A was applied which correspond to 2 1A cm~2 current density since
the lithium flux area varied from sample to sample. The cycling was carried out in enclosed cell to
avoid any reaction with external atmosphere and in addition, the cell was cycled inside a glovebox
(MBraun Inc, filled with Argon, <0.1 ppm O2 and <0.1 ppm H2O) for further protection against

environment.
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Figure 2.9 a) Shows the setup of electrochemical cell to lithiate the Si and form LixSi at the
interface. The sample prepared according to section 2.1 is adhered using epoxy a 2 mm thick
stainless steel plate (not shown here) and the plate is adhered to the electrochemical cell. A
celgard separators is placed above the sample and lithium counter/reference electrode is placed
above to provide the Li+ ion flux. b) The same electrochemical cell is used for interface fracture
test where the celgard separator and lithium foil is removed. During interface fracture test Ar is
introduced to induce interface fracture.

2.5.2 Interface fracture test under electrochemical conditions

The interface failure tests were performed in the same cell in which electrochemical lithiation
was performed as shown in Fig. 2.9b. The testing was done in the same cell in order to avoid
any external loading on the sample and at the interface. To perform this test, separator and lithium
was removed first, to allow visual observation of the interface and second, to avoid Li flux while
PVdF and Si are loaded until failure. The stress concentration generated during interface failure
test can act as a driving force for lithium flux when complete electrochemical cell assembly is

present [42]. The removal of Li and separator also allows any open circuit potential (OCP) change
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and side reactions during the experiment which can affect the concentration in Si and properties at
the interface [66, 77].

The PVdF/Lithiated Si sample were loaded until failure by subjecting the sample to ultra-high
purity Ar through an orifice below the sample. A constant mass flow rate of 0.2 sccm was applied
until 0.5 KPa as a preload and 0.8 sccm mass flow rate was maintained until failure. The two step
process allows to capture large displacement changes usually observed for membrane during initial
loading [72, 78]. The mass flow rate of 0.8 sccm was used in order to subject the PVdF film and
interface to same strain rates. This mass flowrate of 0.8 sccm resulted in a constant 0.5 kPa/min
of pressure loading on the PVdF film during the test. The pressure in the cell was measured using
a pressure sensor (Omega PX309-050a5v) with a resolution of 0.1 kPa. The deflection of PVdF
under the applied pressure was measured using an in house constructed Michelson interferometer
setup shown in Fig. 2.4b. For futher information about the experimental setup construction
we refer to 2. Images of the interference pattern projected on the sample were captured every
200 ms. The interference pattern moves when PVdF starts to bulge under the applied Ar mass
flow. In this experiment light of wavelength of 514 £ 1 nm was used compared to 550 + 10
nm previous experiment on PVdF/SiO2. The wavelength bandwidth of +1 nm allows to measure
higher deflection ( 100 nm) as compared to + 10 nm (where deflection measured were 30um) which
improves coherence length of light [79]. This optical system allows for a spatial resolution of 5
nm and out of plane displacement resolution of 128.5 nm. To convert the images to displacement

we followed the same procedure as in section 2.3.

2.5.3 Crack initiation pressure identification

Figure 2.10 shows the typical pressure-central deflection of PVdF/lithiated Si sample in blue

and the sample compliance i.e. % as black curve. It was observed from a typical pressure-central
deflection, the compliance % asymptotes towards a minimum when there is no interface failure

(between PVdF/Lithiated Si) or no inelastic effect (plastic deformation of PVdF). However, in
the observed samples we see the asymptote however after certain pressure as in Fig. 2.10 after

6 kPa the compliance increases. The observed compliance change also correlated to the typical
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membrane behavior. It is known that pressure-central deflection is cubici.e. P o wg, which means

dwg 1

T 275> any deviation from this behavior show interface failure and can be used to identified

crack initiation point (or pressure) as shown by red x mark in Fig. 2.10. Here we choose a 15%
increase in sample compliance as a criteria for crack initiation. This method is also verified by the

dry PVdF/Si sample where clear crack initiation was observed.
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Figure 2.10 Typical pressure-central deflection (in blue) of a sample along with sample stiffness

% (in black). The red x marks the crack initiation point which is obtained from the minimum of

dwg
dP
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CHAPTER 3

INTERFACE FAILURE RESULTS UNDER DRY CONDITIONS
Iin this chapter we will describe the results obtain from testing the PVdF/Si interface. First we
describe the pressure-central deflection response of the film, second, we provide the interface

fracture behavior of the PVdAF/Si0O,, and lastly we predict the obtain characterized value through

experimentation.

3.1 Mechanical response and crack tip condition of PVdF/Si samples

Figure 3.1a shows the applied pressure and the pressure at which the PVdF film delaminates
form a Si surface. The x mark indicates the crack initiation point. The complete delamination is
shown by the sharp drop in pressure. With the criteria of 50 pm delamination observed (Ref. Fig.

3.1b), the crack initiation point is indicated by a red X in Fig. 3.1a.

50 50
—PVdF/Si —_
X Crack Initiation E
40 E‘:: 40
T z
i -
L 30f § 301 P
o 3
?20F © -
@ 2 20
@ —
o g
10 T 10r
8 o Experimental data PVdF/Si
Finite element simulation
0 | 1 1 O | 1 1 1
0 0.5 1 15 2 0 20 40 60 80 100
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Figure 3.1 a) Prescribed pressure loading on the PVdF film on Si substrate. (the critical pressure
associated with onset of delamination is indicated with “x”). b) The Pressure-Central Deflection
of the PVdF film from a typical sample of PVdF/Si (blue open circles) along with FE simulation.

Figure 3.1b shows the experimental central deflection of the PVdF under the applied pressure,
which was measured using the interference pattern projected on the sample and at the center of the
circle. The experimental data for PVdF on Si is shown by the open circles and compared to the

solid black line for the FE simulation. The experimental data when compared to the FE simulation
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which is performed until peak shows a deviation i.e. from 35 KPa and beyond. This deviation is
due to the crack initiation and propagation where the radius of circular sample increases and the
corresponding deviation increases whereas in the FE simulation the radius is fixed therefore, this is
also an indication that crack has initiation and it corroborates with the visual observation of crack
initiation.

Central deflection Intact region

interference pattern

Delaminated region

Crack front

Figure 3.2 a) The crack front propagation identified by contrast difference between PVdF and Si
(Note: the scale bar on bottom right is 200 um). b) Shows the schematic showing crack extension
(0a) and corresponding change in central deflection (AWj) due to crack extension.

The observed central deflection of PVAF is significantly greater than the thickness of film (=6
pm) which implies the PVAF behaves as a membrane [72]. The observed central deflection also
depends on the initial condition of the PVdF film i.e. the initial height and residual stress of film
[80, 81, 75]. The initial height i.e. the film is not flat at the beginning of the experiments. It
is observed that the PVdF remains flat at the beginning of experiments, this was confirmed using
optical profilometry and FIB cut across the sample therefore any effects due to it has been neglected.

The residual stress is another initial condition which affects the deformation of PVdF under the
applied pressure. The origin of residual stress lies in the mismatched strain when PVdF is deposited
on a substrate [72]. The difference in coeflicient of thermal expansion causes this mismatch. Is
should also be noted that the PVdF film has undergone various process during sample preparation
(Section 2.1) therefore, this process can affect the residual stress. The residual stress is measured
using substrate curvature method for PVdF/Si is 10.6 £ 0.8 MPa. To verify the residual stress

obtained for PVdF/Si, we plot the experimentally obtain pressure (P) and central deflection (W)
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P
as WVSW& as shown in Fig. 3.3. It should the noted that the residual stress obtained from this

fit is 0only valid if PVdF behaved linear elastically [81]. To ascertain if the behavior is linear
elastic, Mieses stress magnitude at central deflection point was obtained, the observed stress is
below the yield point of PVdF also, the plastic strain is localized at the crack tip. This indicated
that PVdF behaves linear elastically until failure which mean PVdF behaves nominally elastic until
failure. Therefore, the og can be obtained from experimental pressure-central deflection data. The

obtained residual stress is 10.733 + 2.141 MPa which is similar to the magnitude obtained for

substrate curvature method which verifies the residual stress measurement.

1200 : 5009 00
: 20
1000 F 0000°?
800 ¢
o )i
=  600%
L [
400
200 © Experimental data
- = = Analytical equation fit
D....I....I....I. P IS T
0 0.2 0.4 0.6 0.8 1
2
WD

Figure 3.3 The plot of ratio of Pressure-deflection plotted against deflection square show that the
y-intercept can be used to obtain the residual stress in the film provided that the film is flat and
behaves elastically during the experiment.

The initial conditions i.e. the initial height and residual stress is included in the FE simulations
therefore, an excellent match to the pressure-central deflection is obtained and shown in Fig. 3.1b.
The FE simulation verify the nominally elastic behavior of PVdF film at the onset of delamination.

Also, small scale yield is observed where the plastic strain is localized at the crack tip. Therefore,
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the J-integral or the critical strain energy release rata Gc provides the adhesion between PVdF/Si.

3.2 Interface failure behavior of PVdF/Si under dry conditons

The interface failure behavior PVdF/Si is characterized at the crack initiation point. The critical
energy release rate (Gc) obtained using FE simulation (J-integral) for axisymmetric PVdF/Si
interface is 0.59 £+ 0.18 Jm-2 for axisymmetric sample whereas 0.74 + 0.14 Jm-2 plane strain
rectangular samples as shown in Fig.3.3. The variation in G, for axisymmetric and plane strain
geometry is due to phase angle at failure pressure which for axisymmetric sample is 68° compared
to 72° for plane strain. The G is known to increases with phase angle and has been shown for
various other interfaces (e.g. glass/epoxy, silicon/epoxy) [82, 83]. These measurements were
obtained from 7 sample for each interface and geometry. As the pressure-central deflection data is
influenced mainly by two initial condition i.e. initial height and residual stress it is important to see
the sensitivity of G, to these parameters. FE simulation was performed with and without initial
height keeping other initial and boundary conditions constant. It was observed that the difference in
J-integral (with and without initial height) is <1%. Therefore, the effect of initial height is negligible
on G.. Similarly, to understand the effect of residual stress FE simulation was performed with and
without residual stress keeping other initial and boundary condition constant. It was observed that
neglecting residual stress G is overestimated by 47%. The significant overestimation for PVdF/Si
is because the residual stress in PVAF/Si samples is 10 MPa which is nearly half of the yield stress.
This shows that residual stress is an important parameter when obtaining G, (Allen and Senturia,
1988). Including these initial conditions in FE analysis allows to accurately obtain the G, for
the interface samples. It can be implied from the G, measurements that it provides the intrinsic
adhesion energy between of PVAF/Si as the measure G, does not contain the plastic dissipation
associated with viscoplastic PVdF [84].

To determinate the nature of failure i.e. whether the crack propagates in Si, in PVdF or at the
interface, X-ray photoelectron spectroscopy (XPS) analysis was performed on the PVdF, and on the
fracture surface. Table 3 shows the chemical composition in at% on the surface of PVdF, bare Si

and PVdF/Si fracture surface. Comparing the F concentration, it can be observed that the interface
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Figure 3.4 The energy release rate (G.) for axisymmetric and plane strain sample obtain using
J-integral in FE simulation at the crack initiation point. The slight difference is due to phase angle
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which for plane strain is higher compare to axisymmetric.

failure is predominantly adhesive i.e. the crack propagates at the interface neither in PVdF not in
the Si substrate. Therefore, the obtained Gc is the interface energy release rate or the adhesion of
PVdF to substrate. The Oxygen (O) content is observed on the fractured surface of PVdF/Si in
spite cleaning with HF, this is because as soon as the pristine Si surface is exposed to air, native
oxide layer starts to form and cannot be avoided. To further limit the growth of this oxide is PVdF
is spincoated immediately on Si. It can be implied that native oxide layer thickness on Si surface is
0.2 nm as the PVdF is spincoated with 60 min [85]. Also, when native oxide forms, -OH radical
attach to the Si surface which can contribute to the O content [86].

Table 3.1 The chemical composition in at% on the PVdF film, bare Si surface and on the fracture

surface of PVdF/Si.
Sample/Composition | C 0] F Si N
(at%)
Bare Si 23.97 17.05 0.58 57.09 0.84
PVdF 59.28 4.56 35.32 0 0.84
Fractured Surface 19.80 35.00 1.05 42.82 1.34

32




3.3 Characterization of PVdF/SiO, Interface Failure

3.3.1 Mechanical response and crack tip conditions

Figure 3.5a shows the typical profile of free-standing circular film measured (using Zygo
New View5000 optical profilometer) before pressurizing the film. Note that the PVAF film is not
flat at the start of the experiment, i.e., under zero applied pressure, and this is true in all the samples.
This is expected because (during the sample preparation process, Fig.2.2b) the thermally grown
SiO, film releases its compressive residual stress by buckling out-of-plane when the substrate is
etched away [87]; this out-of-plane buckling is inherent to SiO; films [88]. The spincoated PVdF
film assumes the shape of the relaxed out-of-plane buckled configuration of SiO,, resulting in the
profile shown in Fig. 3.5a.

Note from Eq.2.4.2 that in addition to measuring the initial profile (shown in Fig. 3.5a) and
film thickness (Fig.3.5b), it is important to measure the residual stress in the film to character-
ize/understand the mechanical behavior of the PVdF film [89]. The residual stress in PVdF thin
film was measured using Multibeam optical sensor (MOS) setup (see Fig.3.6). In this setup, curva-
ture of SiO, substrate is measured before and after PVdF deposition and converted to stress using
Stoney equation [72, 90]. The measured value of the residual stress in PVdF film is *3 MPa, which
is not significant enough to influence the pressure-central deflection behavior of the film.

Figures 3.5¢ and 3.5d show the prescribed pressure loading applied on the circular film and the
evolution of the film profile at various levels of pressure, respectively. The critical pressure at the
onset of film delamination is indicated with a symbol ‘x’. The open circle symbols in Fig. 3.5d
represent the experimental data and the solid lines represent FE results. The deflection-pressure data
corresponding to x=0 from Fig.3.5d, i.e., at the center of free-standing film, is plotted in Fig.3.5¢e,
which is commonly referred to as pressure-central deflection response of the PVdF film. Although
pressure is monitored and recorded continuously throughout the experiment, the displacement data
is available only until about 30 um, due to the characteristic bandwidth of green light source used
here. Note from Figs. 3.5d and 3.5e that there is an excellent agreement between experimentally

measured deflections and film profile at various levels of pressure and the corresponding FE data.
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Figure 3.5 (a) The profile of circular PVdF film measured under zero applied pressure, (b) the
cross section of free-standing PVdF film obtained by FIB milling, (c) prescribed pressure loading
on the film (the critical pressure associated with onset of delamination is indicated with “x”), (d)
comparison of experimentally measured film profiles at various levels of pressure with those
obtained from finite element analysis, and (e) comparison of pressure-central deflection response
(p-wo) of the film measured from experiments and those obtained from analytical and finite
element models.
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Figure 3.6 Schematic of multibeam optical sensor setup (MOSS) showing the method the to
measure residual stress. The residual stress is measured by recording the curvature of the 2-in Si
wafer before and after PVdAF deposition.
This could be attributed to the fact that in addition to an accurate constitutive model of PVdF, all
the critical system parameters discussed above, i.e., thickness, initial profile, and residual stress of
the PVdF film have been accounted for in the FE models. For example, the initial (non-flat) profile
of the film, i.e., Fig 3.5a, under zero pressure was included in FE analysis by first deforming the
mesh until the profile matched experimental values in Fig.3.5a and then importing the deformed
mesh as the starting geometry for the subsequent simulation, where pressure-time loading shown
in Fig.3.5¢c was prescribed along with the boundary conditions shown in Fig. 2.8. It should be
noted that when matching profile and central deflection, the interface crack between PVdF and
SiO, was closed and only for calculation after crack initiation, the interface crack was pressurized.
The residual stress in the film was also included in the simulation as an initial condition. As a
result, the overall mechanical behavior of the PVdF film on SiO, was captured well by the finite
element model.

It is interesting to note from Fig. 3.5e is that the pressure-central deflection (p-wg) response
predicted by the analytical solution i.e., Eqs. 2.4.2 and 2.4.2, (dashed line) also matches very
well with the experimental data. This is interesting because the analytical equation is based on

finite deformation linear elastic membrane theory, yet it predicts the mechanical response of the
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rate-dependent (or elastic-viscoplastic) PVdF film successfully. This can be explained further by
looking at the stress and strain fields in the PVdF film. Fig. 3.7 shows the von Mises equivalent
stress and equivalent plastic strain contours of PVdF film at the critical pressure (i.e., at the onset of
crack growth). Note that the equivalent stress near the center of the circular membrane (i.e., in the
central deflection region, inset on the left side in Fig. 3.7) is between 12 to 24 MPa which is below
the yield strength of PVdF reported by Santimetaneedol et al.[27]. The equivalent plastic strain
contour (inset on the right side in Fig.3.7) shows that the plastic deformation of PVdF film occurs in
a very small region near crack tip. Hence, the deformation of PVdF film is nominally elastic prior
to the onset of crack growth. This is analogues to small scale yielding condition in linear elastic
fracture mechanics theory which justifies application of linear elastic theory to ductile materials
such as steel for example [71, 91]. This explains why the analytical solution (Egs. 2.4.2 and 2.4.2)
based on simple linear elastic membrane theory predicts the behavior of the PVAF film reasonably
well. The small discrepancy between the experimental and analytical results can be attributed to
the fact that the analytical solution was derived based on the assumption that the film is flat at zero
pressure which is clearly not the case in the current film as shown in Fig. 3.5a. Another important
observation is that the current experimental setup enables the interface fracture characterization

with simple linear elastic properties of PVdF film and corresponding analytical solutions.
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Figure 3.7 Deformed mesh of the circular membrane at the critical pressure is shown along with
the equivalent (von Mises) stress contour near the center of the film (inset on the left side) and the
equivalent plastic strain near the crack tip (inset on the right side). This confirms that the PVdF
film remains nominally elastic prior to onset of delamination, i.e., existence of small scale
yielding conditions.
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3.4 Interface fracture behavior of PVdF/SiO;

The critical pressure at the onset of crack propagation measured from circular blister tests is
used in FE models to determine the critical energy release rate Gc of PVdF/SiO2 interface and is
shown in Table 3.2. It should be noted that, to measure the linear elastic fracture property, i.e., the
interface fracture energy Gc, it is extremely important to ensure that the dissipative mechanisms
such as plastic deformation are limited to a very small region near the crack-tip in a fracture sample
as shown in Fig. 3.6. The maximum, minimum, and the average critical energy release rate Gc
values of PVdAF/SiO, interface are 3.04 J/m?2, 2.02 J/m?, and 2.46 J/m?, respectively. As expected,
due to the small-scale yielding conditions in the samples, the Gc evaluated from analytical equations
matched very well with the FE calculations. Although the analytical equation assumes a flat PVdF
film under zero applied pressure, the Gc matched with the comprehensive FE model; hence, the
errors associated with an initial non-flat film profile may be negligible for PVdF films.

In order to understand the potential errors in measured Gc due to the uncertainty associated
with the PVdF/Si0, sample parameters, several finite element simulations were conducted. It
was observed that if the initial profile of the film was neglected (i.e., if the free-standing film was
assumed to be flat), keeping everything else constant, the error in Gc will be 0.03%, i.e., negligible.
This is why the analytical data (with flat film assumption) matched with FE data very well. The
reason for this can be evident from Fig. 3.5(e), where the central deflection of the film rises steeply
to 12 um with negligible pressure; hence, as long as the initial height of the film is less than 12
pm, error associate with neglecting initial height of the film is minor. However, neglecting the
residual stress og , on the other hand, will lead to an overestimation of the Gc¢ by 7%. If both the
initial profile and residual stress in the film are neglected, then Gc will be overestimated by 8%.
Since the initial height and residual stress, film thickness, radius of the film, and critical pressure
were measured experimentally, the variation in the Gc values presented are primarily due to the
sample to sample variation.

Figure 3.8 shows the fracture surface of the sample after the PVdF film was completely de-

laminated from the SiO2 surface. To understand the crack path and fracture mechanism, an X-ray
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Table 3.2 The pressure at the onset of delamination and the corresponding critical energy release
rate (G.) values of PVdF/SiO; interface measured from seven circular blister tests. As this is a
mixed-mode fracture property, the phase angle ¢/ corresponding to these measurements is 43°.

Sample Crack Initiation | Energy release | Energy  release
Pressure (kPa) rate G, (J m™2) | rate G. (J m™?)

Finite  element | Analytical
model

Sample 1 106 3.04 3.18

Sample 2 104 2.92 3.06

Sample 3 81 2.04 2.09

Sample 4 91 2.45 2.55

Sample 5 90 2.47 2.52

Sample 6 80 2.02 2.04

Sample 7 87 2.28 2.36

Mean + stan- | 91 +10 2.46 + 0.40 2.54 + 0.44

dard deviation (7

samples)

Table 3.3 Energy release rate (G.) for all circular samples measured along with crack initation
pressure.

Description Error (%)
Finite Element with accurate | 0.00

initiation condition
No initial profile i.e. flat film | -0.03
assumption
No Residual stress initial con- | 7.30
dition
Neglecting both initial profile | 7.96
and residual stress

photoelectron spectroscopy (XPS) analysis was performed on the fracture surface (shown in Fig.
3.8), and the results are compared in Table 3.4 with that of bare SiO, and pure PVdF film. Note that
the elemental composition, except for the fluorine, of the fractured surface resembles that of bare
SiO; surface quite closely, confirming that the crack propagation occurred between PVdF/Si02
interface and not in the PVdF film or in the SiO, substrate. Hence, the mechanism is predominantly
adhesive failure (i.e., delamination of PVdF film from SiO2) rather than cohesive (i.e., failure of
PVdF film). Since the film was nominally elastic until the onset of crack growth, the measured Gc

values characterize the resistance of PVdF/SiO2 interface to delamination, i.e., the energy neces-
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sary to break bonds between PVdF and Si0,. If the crack propagation occurs primarily in PVdF
(i.e., the mechanism becomes cohesive), the energy required to propagate the crack will be higher.
As the Gce values presented in Table 3.2 are fundamental fracture properties, they can be used in
predicting the failure of PVdF/ Si0O; interface systems, irrespective of the electrode geometry (i.e.,
thin film, particles, nanotubes etc.). Although our samples showed predominantly interface failure,
it should be noted that several possible crack propagation paths exist in a composite electrode. For
example, depending on the fracture resistance of the material, crack can propagate in the polymer
binder, in the active material, or at the interface. Hence, for a comprehensive understanding of
electrode degradation, in addition to fracture properties of the interface, it is also important to
understand the fracture properties of the materials adjacent to the interface.

When a crack propagates at an interface between two dissimilar materials (i.e., similar to PVdF
and Si0; in Fig. 3.8), even a pure tensile remote load leads to a mixed-mode fracture [71, 91, 84].
Depending on the nature of interface and the adjoining solids, the fracture energy Gc of an interface
could be a strong or weak function of the mode-mixity [82, 84]. The degree of mode-mixity is
generally characterized by the phase angle  which provides a relative ratio of shear to tensile
load on a crack tip. The phase angle y of the PVdF/SiO2 interface in the blister test samples was
evaluated using the virtual crack growth technique (VCCT) [92, 73], and it was 41°. Since the
crack growth occurred at the PVAF/SiO2 interface in all the samples tested here, the fracture energy

presented in the Table 2 should be associated with a phase angle of 41° for PVdF/S10; system.

Table 3.4 Composition at Various interfaces.

Sample/Composition (at%) C O F Si
Bare Si02 22.37 44.77 0.0 32.86
PVdF 63.23 0 36.77 0
Fractured Surface 20.17 40.54 7.46 31.83

3.5 Effect of thermal oxide on the adhesion of PVdF to Si
Figure 3.9 clearly shows the addition of thermal oxide SiO, coating at the interface between
PVdF/Si improved the adhesion of PVdF. It is known that PVdF adheres to Si surface via. van der

walls forces [93, 94, 21, 22, 95, 31, 96]. The adhesion is likely to occurs at the acidic functional
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Figure 3.8 Scanning electron microscope backscatter image of the fracture surface (i.e., surface
after free standing PVdF delaminated from Si02). The table shows the atomic weight fractions of
elemental C, O, F, and Si obtained from the XPS analysis showing nearly identical stoichiometry
of bare SiO2 and delaminated region (with some fluorine on the surface).
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Figure 3.9 Comparison of the energy release rate obtain through finite element by J-integral for
PVdF/Si and PVdF/SiO, interface.
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group (-OH) present on the surface of Si [8]. The presence of SiO, on Si surface causes the changes
in surface concentration of -OH group i.e. more -OH groups per area which mean more site are
presented for the PVAF polymer chain to adhere which improves adhesion (Ref. Fig. 3.10d and
3.10e). Studies conducted on increasing silanol (Si-OH) concentration change e.g. (Jiang et al.,
2018) increased the concentration by hydrogen peroxide (H202) treatment and improved polyacrylic
acid (PAA) binder adhesion. Similar observation of SiOx grown on Si nanoparticles were shown
by Guo et al.[97]. This can imply that a Si surface when treated with HF the concentration of
-OH group reduces as in our case. The thermal oxide surfaces have more -OH group concentration
than Si [98, 99] which likely leads to better adhesion. To ascertain this, Raman spectroscopy
measurements (Horiba LabRAM ARAMIS) and XPS core scans (Kratos Axis were performed on
Si surface treated with HF and SiO2 surface. Fig 3.10a shows the qualitative comparison of Si-OH
concentration on Si and Si02 surface from Raman spectroscopy and Fig. 3.10b and 3.10c shows
the deconvoluted spectra at Ols in both Si and SiO2 with emphasis on Si-OH group. This high
intensity in Raman can correspond to the higher concentration of Si-OH similarly higher Si-OH
concentration on SiO, compare to Si can be obtained from XPS since, SiO2 samples has higher
area (nearly twice) under the Si-OH curve. Therefore, it can be clearly implied that the presence
of more Si-OH group on surface of SiO, as compared to Si is the reason for the higher Gc of
PVdF/Si0; as compared to PVAF/Si. It can be implied that a composite battery of Si anode with

Si0; coating will show lower capacity fade as compared to Si.

3.6 G, as fracture criterion to predict PVdF/SiO, Interface failure

To experimentally validate and demonstrate the robust predictive capability of fracture criterion,
G = G, , rectangular PVdF films on SiO2 surface (Fig. 3.11) were pressurized until the onset of
film delamination, and the critical pressure of failure was predicted. To this end, a finite element
mesh of the rectangular (Fig. 3.11) plane strain sample, similar to axisymmetric sample (Fig.
2.8), is constructed in ABAQUS. The continuum plane strain elements (CPE8R) are used to mesh
the geometry. The residual stress in the PVdF film and the initial profile of plane strain sample,

recorded using Zygo NewView5000 and shown in supplementary data (Fig.3.12), was included
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Figure 3.10 a) Show the Raman spectroscopic analysis of Si surface (dash dot blue) and SiO,
(dashed black line) surface where the peak at 975 cm™! corresponds to Si-OH group. The relative
intensity comparisons show that the concentration Si-OH is higher on SiO; compared to Si. The
b) and c) are the XPS spectra focusing on O1s peak conducted on bare Si (solid blue) and SiO;
(dashed black) surface. Here the Si-OH peak (at 533 V) deconvoluted from the Ols peak of
survey scan is and compared for both Si and Si surface. The figs. d) and e) are the schematic
showing the likely mechanism of adhesion between PVdF binder to Si surface with native oxide,
and thermal oxide SiO, on Si surface.
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in the FE analysis. The measured pressure corresponding to the onset of delamination in three
different rectangular samples is presented in the Table. 5 along with the predicted critical pressure
from FE analysis using G criterion. It can be noted that the failure pressure was predicted very
well in four sample with a maximum error of 12%. This prediction verifies that the obtained energy
release rate is independent of geometry and support our argument that G, as a failure criteria for
binder/active material interface delamination.

It should be noted that the phase angle of the plane strain samples at failure is also reported in
the table 5 using VCCT. It is important to note that phase angle is critical in failure prediction as
G, 1s a function of ¢ and to accurately predicted failure pressure, G for all angles of ¥ should
be characterized. It is observed here by changing the geometry, the phase angle increased which
can indicated the error obtained in the predicted pressure. Further experimentation is required in
which varying the thickness of film can change the phase angle [89]. This analysis is important
since the literature investigating the binder/active material interface based on scratch tests and peel
test do not report how the critical parameters is influenced. Hence, when considering critical strain

energy G, as criteria for failure prediction, ¥ should be associated with it.

Figure 3.11 Rectangular PVdF film sample prepared following the fabrication process outlined
above.

The ability to predict the binder/active material interface failure, as demonstrated above, will

enable significant advantages to designing durable battery electrodes. The critical strain energy
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Figure 3.12 (a) The initial profile of rectangular sample (b) Comparing the obtained total
deflection to finite element simulation and analytical solution.

release rate Gc is a fundamental property provided by the blister test and this allows to incorporate
interface fracture mechanics into multiphysics model developed to understand and mitigate the
degradation phenomena in composite lithium-ion battery. This indeed shows that G, parameter
can be used to study (1) The interface failure mechanism in batteries and, (2) can act as a design

criteria for battery electrode architecture.

Table 3.5 Comparision of critical pressure value of rectangular PVdF films on SiO; substrate
measured from experiments and the from the FE predictions using G = G failure criterion.

Rectangular Experimentally Finite  Element | Error (%) Phase Angle at

Sample Measured Pres- | Predicted Pres- experimental fail-
sure (kPa) sure (kPa) ure pressure

Sample 1 67 85.830 -21.94 72.593

Sample 2 76 84.012 -9.54 52.780

Sample 3 66 85.549 -22.85 72.355

3.7 Conclusion

In conclusion, there lacks a systematic method for studying interface failure for binder active
material. Literature studies rely on qualitative methods like scratch test and peel test. These
qualitative methods are good for comparison however, they lack fundamental understanding and fail

to report data which can be used to design better battery interfaces. Here, we address this problem
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by first, establishing an experimental methodology which quantifies the binder active material
interface. Second, by providing critical energy release rate data using standard interface facture
mechanics tests which can be used to study and design battery binder/active material interface.
Blister test interface failure method is used to conduct experiments in which critical pressure
of delamination is recorded along with blister profile using in-house Michelson interferometric
method. The interface energy/critical strain energy release rate is calculated using finite element
simulation and closed form analytical solutions. A model PVdF/SiO,— interface which is relevant
for current composite battery anodes is used for study.

The pressure-central deflection is the characteristic information obtained from experimental
results. It is seen that obtained behavior does not follow the cubic pressure-central deflection
relation (P oc h?) generally followed by membranes. This is due to effect of initial condition i.e.
non-flat initial profile and residual stress in film. Accounting for these effects in finite element
simulation and analytical solution predicts the obtained behavior. The critical strain energy release
rate is obtain using J-integral contours and analytical solution. For an axisymmetric sample the
obtain energy is 2.457 + 0.398 Jm~2 form finite element. The blister test experiments showed
that PVdF behaves nominally elastic therefore simple analytical closed form solution results are
quite close to finite element. The discrepancies associated with the mean data in finite element and
analytical solution is due to assumptions associated with analytical equation therefore, the finite
element mean is an accurate value. To verify this result, a rectangular (plane strain) samples are
tested and its critical pressure of delamination is predicted. A good prediction for critical pressure
obtained shows the robust nature of G, in spite of phase angle variation. This shows that critical
energy release rate (G ) is a fundamental parameter. Therefore, the experimental method developed
is an effective tool to quantify the interface energy in binder/active material interface in lithium ion
batteries.

The obtained PVdF/Si energy release rate is less compared to PVAF/SiO2 (2.4 Jm™2) this can be
understood by the fact that PVdF bonds to Si via. van der waals forces. The bonding occurs between

the F atom in PVdF chain and H atom of the -OH group on Si surface. The number of -OH group
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present of SiO; is higher than compared to Si surface. Therefore, the higher concentration allows
a greater number of sites for the F atom in PVdF chain to bond. This observation corroborates
with the literature where PVdF modified with -OH or binders with higher -OH concentration bonds
better with Si surface. The measurement of energy release rate via. blister test allows for this
comparison and provides insights into bonding mechanism between binder and active material
interface

The obtained result shows that quantification of interface energy is critical in understanding
and designing better binder/active material interface in lithium ion batteries. This method can be
used to understand effect of different electrochemical conditions on interface and can be extended

to study and interfaces that exists in battery materials.
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CHAPTER 4
INTERFACE FAILURE RESULTS UNDER ELECTROCHEMICAL CONDITIONS

4.1 Electrochemical Cycling of Interface Fracture Sample

Fig. 4.1a show the typical potential-time curve of a PVdF (Soaked)/Si sample (Fig. 4.1b)
subjected to electrochemical lithiation i.e. lithium flux entering in Si, in the electrochemical cell
shown in Fig. 4.1a. The potential immediately drops form the open circuit potential (OCP) = 2.7
V when electrochemical cell is assembled to 0.6 V when galvanostatic current of 7.5 A is applied.
This initial drop is due to resistance in the electrical circuit. This gradual decrease in potential after
0.6 V is attributed to SEI formation and diffusion of Li in Si. The inset in Fig. 4.1a shows that
an undercooling effect where the potential drops below 0.11 V and increases to 0.115 V where it
plateaus. The undercooling effect is observed due to phase transformation of crystalline (100) Si
to amorphous Si [12]. The subsequent plateau is the lithiation (100) Si where the phase boundary
moves in the crystalline layer [100, 101] as shown in schematic fig. 4.1c . In these experiments,
the time of the potential plateau was controlled to 8 h so that enough lithiated Si layer was formed

to measure interface failure between PVdF and lithiated Si.

4.2 Mechanical behavior of soaked PVdF film and PVdF/LixSi interface failure

Figure 4.2a shows the pressure-time behavior of soaked PVdF/LixSi sample when subjected
to mass flow of Ar. This behavior remains linear for axisymmetric sample until complete failure
i.e. soaked PVdF completely delaminated from LixSi surface. Similar behavior is observed for
plane strain sample although some deviation from axisymmetric behavior is observed after certain
pressure which could be due to crack front moving. Fig. 4.2b and 4.2¢ shows the central deflection
(at x = 0) of soaked PVdF film when subjected to the Ar pressure along with the FE simulations. In
both geometries, the deflection is significantly higher than the film thickness indicating a membrane
behavior i.e. pure stretching and no bending [72]. The FE simulation was performed for both cases
and compared against the measured data. The simulation matches up to a certain pressure after

which a clear distinction is seen (around 5 KPa for axisymmetric and 7 KPa for plane strain). This
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Figure 4.1 a) shows the potential vs time of a typical PVdF/Si sample subjected to electrochemical
cycling. The inset shows an enlarged region of Potential-Time curve at 0.25 h showing
undercooling effect which indicates phase formation. b) Shows the top view of actual PVdF/Si
sample after being subjected to lithiation. ¢) Schematic showing the lithiaition of (100) Si sample.
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deviation can be either due to inelastic response [102] of soaked PVdF membrane or interface
failure where either the radius ( in case of axisymmetric ) or width ( in case of plane strain ) of
sample has increased [89, 68, 103]. A close inspection of the recorded images shows that deviation
occurs due to interface failure which is the crack initiation point. Also, plasticity was included in
the FE model which shows that PVdF remains nominally elastic (plastic strain only exists near the
crack tip) at crack initiation pressure which corroborates our evidence that deviation is due to crack
initiation. Fig 4.2d show the schematic of failure and 4.2e shows an actual failed axisymmetric
sample. The ¢a is the increase in radius/width and AWO is the corresponding deviation. This point
is considered as the critical crack initiation point which is marked as red X in Fig. 4.2a.

The crack initiation pressure can be decomposed into pressure due to (i) the surface ten-
sion of electrolyte at interface and (ii) the adhesion of PVdF to LixSi. The surface tension of
the electrolyte used (1:1:1 wt% mixture of EC:DC:DMC) can be assumed similar to EC:DMC

which is 40.13 = 0.20 mN/m[104] and contributes to  1.14 KPa for axisymmetric samples

circumference x surface tension
(Pt

= — ) and or ~ 1.28 KPa for plane strain samples(Py; =

perimeter x surface tension
area

). The rest of crack initiation pressure i.e. 3.87 KPa for axisym-
metric and 5.72 KPa for plane strain is due to adhesion at interface. To verify this observation
samples delaminated films were subjected to applied pressure, here the film is adhering to the sub-
strate due to surface tension[105]. The failure pressure observed in the surface tension is similar to
ones calulated by surface tension assumption. For further analysis we will consider crack initiation
pressure after immediate testing due to similar condition observed at the interface in composite
battery electrodes.

The pressure increases beyond crack initiation (beyond 5 KPa up to peak) is due to resistant
to crack propagation. Here the crack propagation was difficult to observe due to electrolyte at the
interface. This resistance can be either due to the roughness at the interface created when Li flux
intercalates Si substrate or due to presence of electrolyte at interface which adheres the soaked
PVdF film to the Si substrate. It was also observed that the amount of electrolyte presesnt in

the experiment affect the propagtion however, this did not affect the initiation. This propagation
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Figure 4.2 a) Shows the pressure-time behavior of a typical axisymmetric (dashed blue) and plane
strain (dotted black) sample subjected to pressure due to argon. (b) The pressure-central
deflection response of the typical axisymmetric sample (dashed blue) and FE simulation (dashed
dot curve). c) The pressure-central deflection response of a typical plane strain same (dotted
curve) along with FE simulations.d)Shows the schematic of the sample after failure where the

presence of electrolyte at the interface affects propagation. ) An actual axisymmetric sample
which shows crack initiation.
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behavior varied from batch to batch in which some batch samples the pressure drop is immediately
after initiation and in some cases the pressure drop is significantly after initiation. The observed
effect can also be due to the removal of electrolyte from the PVdF soaked film as the electrolyte used
in these experiments have low vapor pressure. However, the electrolyte at the interface between
PVdF/lithiated Si cannot be removed as visually observed. In case of low electrolyte concentration
in PVdF film, the behavior is reflected in the pressure-deflection curve where low electrolyte
concentration films have a stiffer response compared to electrolyte saturated film which were
complaint. These observed variations have been accounted for in the FE analysis where the Youngs
Modulus of PVdF was varied and compared to the experimentally observed pressure-deflection.

It is to be noted that deflection behavior can be affected by two initial condition i.e. initial
height and residual stress. The initial height means that the PVdF film is not flat are the beginning
of experiments. Here our observation shows no initial height or minimal presence of initial
height. Similarly, the residual stress is present in PVdF film when deposited on Si wafer in
unsoaked conditions however, it is known the PVdF when it absorbs electrolyte it expands 4% in
unconstrained condition which could cause relieving of any tensile residual stress present in the
film. Therefore, in the FE analysis no initial height or residual stresses effects are considered.

The energy release rate (Gc) or adhesion of soaked PVdF/lithiated interface is evaluated at
the crack initiation point using J-integral in the FE simulation. Figure 4.3a shows the Gc for the
axisymmetric and plane strain samples. Since Gc from axisymmetric and plane strain sample are
similar we compare the grand average with dry PVdF/Si interface. It can be clearly seen that the
electrochemical cycling and electrolyte soaking of PVdF binder degrades the interface i.e. the Ge

is lower compared to dry PVdF/Si.

4.3 Effect of electrolyte on the pressure-deflection and interface failure behavior

The electrochemical cycling of PVdF causes the decrease in the critical energy release rate Ge.
This degradation arises from (i) introduction of electrolyte in PVdF and at the interface and (ii)
electrochemical cycling which affects the interface. In order to determine the effect of introduction

electrolyte, PVdF/Si samples were soaked in electrolyte and tested for interface failure without
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Figure 4.3 a) show the axisymmetric and plane strain energy release rate of electrolyte soaked
PVdF/LixSi interface. b) The comparison of energy release rate of soaked PVdF/LixSi interface
with dry PVdF/Si showing that soaking of electrolyte and lithiating Si reduces weaken the
interface.

electrochemical cycling. Fig. 4.4a show the pressure-central deflection behavior of soaked PVdF
compared to electrochemically cycled PVdF the deflection is shown until failure. The deflection of
PVdF in both cases is similar, this is expected because sample were subjected to similar electrolyte
and were completely soaked. In case of PVdF/lithiated Si samples, it is known that SEI forms as a
diffused layer [?] and this could possibily affect the deflection behavior. The modulus of SEI [102]
formed is similar to soaked PVdF modulus and therefore its effect can be negligible. In both cases,
the modulus is taked as that of soaked PVdF[94] and FE comparision shows a similar behavior until
failure leading to conclusion that in cased of soaked and electrochemical PVdF the film behaves
similar.

It can be observe from Fig.4.4a that the failure pressure of soaked PVdF is slightly higher
compared to lithiated samples. The failure pressure is controlled by the nature of the interface
between PVdF and Si samples. In case of soaked PVdF samples, there is presence of electrolyte at
the interface however, in lithiated samples, in addition to electrolyte, there is SEI formation. SEI
is an irreversible layer formed due to decomposition of electrolyte [3, 10] at inteface and degrades
the interface hence as obseved in Fig. 4.4b, the slight decrease in critical energy release rate is due

to SEI formation.
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Figure 4.4 a) show the axisymmetric and plane strain energy release rate of electrolyte soaked
PVdF/LixSi interface. b) The comparison of energy release rate of soaked PVdF/LixSi interface
with dry PVdF/Si showing that soaking of electrolyte and lithiating Si reduces weaken the
interface.

4.4 Possible Mechanism of interface Fracture

Fig 4.5a shows the schematic of PVdF adhering to Si via vander wall forces. The PVdF likely
attached to Si-OH as was shown when comparing the adhesion of Si and SiO,. For simplicity,
here we are representing the adhesion of PVdF to Si as Fig. 4.5b. The introduction of electrolyte
in sample cause PVdF swell [106, 107, 31] and peak strain obtained was 4% with the LP71
electrolyte. The electrolyte causes PVdF crystallinity to reduce i.e. reduce the %crystallinity of
PVdF which can reduce the critical loads sustained by the interface(Yoo et al., 2003b). In addition,
the stress-strain behavior of PVdF subjected to electrolyte changes i.e. Youngs modulus reduces
significantly (e.g. from 1.6 GPa in dry to 0.3 GPa in soaked)(Chen et al., 2003a; Santimetaneedol
et al., 2016a) also strain at failure is increase (e.g. 0.1 strain in dry condition to 0.3 strain in soaked
condition). This could also be the reason that peak pressure significantly higher compared to
crack initiation pressure and possible blunting at the crack tip which is observed in FE simulations.
The electrochemical cycling involves lithium and electron transport in addition to the soaking of
PVdF. The flux of lithium changes surface morphology of Si from atomically flat surface to porous
surface network when lithium enter Si(Nadimpalli et al., 2015, 2013). In addition, the electron

transfer and availability of electrolyte cause an irreversible layer called solid electrolyte interface
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Figure 4.5 a) Shows that PVdF is likely to bond to via. van der walls forces of attraction, the
polymer chain bonds to the -OH (hydroxyl) radicals present on Si surface. b) Here we present a
simplified macroscopic representation of PVdF polymer chains attached to Si substrate. ¢) When
PVdF absorbs electrolyte, is swells and polymer chains are redistributed. The swelling also causes
interfacial stress at the surface which decreases the adhesion strength. The uptake of electrolyte
which contains constituent such as EC, DC, and DMC which are polar and non-polar solvent can
affect the charge distribution at the interface. d) Due to electrochemical reaction at the interface,
the Li ions diffuse into Si and intercalates to form alloy of Si i.e. LixSi complete saturation of Si
forms Li3.75Si. The interface can get roughened due to formation of diffusion pathways also at
the interface due to decomposition of electrolyte, SEI forms at the interface which degrades the
interface between swollen PVdF binder and LixSi interface.
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(SEI) to form. XPS analysis conducted by Johnson et al. shows that SEI formation in PVdF/Si
samples occurs inside the PVdF binder and at the interface due to electrolyte absorption. This
SEI formation is likely to alter the interface fracture properties of PVdF/Si interface. The Youngs
modulus associated SEI highly depends on the electrolyte composition used. Yoon et al.[102]
for LiPF6 in EC and EC+FEC obtained modulus to be 240 MPa and 430 MPa respectively using
plane strain bulge test. The obtained modulus is similar to PVdF soaked modulus also the Cu film
below PVdF stiffens the PVdF-Cu composite therefore SEI formation has minimum effect on the
mechanical behavior of PVdF film howver as we see from 4.5b the SEI formation slightly decreases

the energy release rate of the interface.
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CHAPTERS
MODELING THE CONSTITUTIVE BEHAVIOR OF ELECTRODES
5.1 Model formulation

S5.1.1 Kinematics

This model is based on multiplicative decomposition of deformation gradient. This decompo-
sition allows various phenomenas associated with solid deformation to be accounted. In case of
high performance anodes (e.g. Si) used in state of the art lithium ion batteries, the stress shows
a characteristic initial elastic deformation, follow by plastic deformation [13] when ions diffuse
inside the anode. This deformation originates due to large volume expansion (e.g. 300% for Si)
[[23]] when ions alloy with anodes. The mathematical representaion [[108, 109, 110]] which can

account for this is,

F = F'FF’ (5.1)

where J = detF > 0, J¢ = detF¢ > 0, JP = detF? =1, and J* = detF* > 0. Here, F¢ is the
deformation due to elastic stretching, F” is deformation due to plasticity, and F* = (J* )1/ 31, is the
deformation gradient due to swelling with J* = 1+ Q(cgr —crg). Here cg is the molar concentration
per unit reference volume, cgo its initial concentration of ion in anode, and € the molar volume of
the ion (Li or Na) which is diffusing in the anode. In case of Li-Ge [[15]] and Na-Ge [[39]] similar
stress and volume expansion magnitudes have been observed therfore multiplicate decomposition

theory can be futher applied .

5.1.2 Free energy

The contribution in this thermodynamic system incorporates the, energy due to solid solution
formation when ion alloys with the host anode, and the corresponding elastic strain energy due
to volume expansion. The justifcation of solid solution formation stems from the observation of
Baggetto et al. [111] and Rakshit et al. [39] that no intermation phase formation occurs and the

solid solution remains amorphouse during the reaction. A similar basis was used by Bucci et al.[61]
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and D1 Leo et al. [63] for Li-Si. Following literature, a single phase non ideal mixing solid solution

formation energy is given as

7

l//l%hem = 'uOcR + RﬁcR’max(C_‘lnC_ +(1=¢In(1-2¢))) + CR,max Z ap - ¢, (52)
n=2

Here 10 is the reference chemical potential, R is the gas constant, ¢ being the absolute temper-
ature,

c= CR/CR,max € [Oa 1]’ (5.3)

is the normalized concentration of Na in Ge with cg being the molar concentration per unit
reference volume and cr max the maximum molar concentration per unit reference concentration.
In (5.2) a, represents the fitting coefficients which quantifies the non-ideal free energy of mixing
and needs to be determined experimentally for individual systems. We have determined this for
both Li-Ge and Na-Ge following the procedure similar to [61] et al..

The observation from thin film stress measurement of [39] et al. shows the behavior of Na-Ge

is isotropic, therefore following [112], the elastic free energy isotropic material is taken as

1
R = GOIEG] + K (€) (wE*)® (5.4)

Here, E¢ is the logarithmic elastic strain tensor given as,

3
E = (Ina)rf @rf (5.5)
i=1
where r{ is the orthonormal eigenvectors of E¢ and A7 are the corresponding eignenvalues. In
(5.4) G(¢) and K (¢) represents the concentration dependent shear modulus and bulk modulus for
Ge. A similar free energy for was used be Dileo et al.[63] to model the behavior of Li-Si.
The total free energy of the system which is sum of chemical and mechanical contribution and

1S written as

wR — f{hem + lﬁgleCh (56)

57



5.1.3 Constitutive equation

5.1.3.1 Constitutive equation of Mandel and Cauchy stress
The free energy determines the stress and chemical potential of the system. The stress which

satisfies the free energy imbalance is given as

OYr(C?, cr)

T =2 9(Co)

(5.7)

where Yy is total free energy from (5.6) and C¢ is the right Cauchy Green tensor which is given

as

3
Co= > A orf, (5.8)
i=1

with A{ being the elastic stretch tensor and (rf, rg, rg) the orthonormal eigenvectors of C¢. The

equations 5.7 and 5.8 is obtained from [?] for a viscoplastic material similar to anodes in this paper.

The Cauchy stress (T¢) or true stress tensor quantifies the deformation in the current configuration

i.e. considering the current volume expansion whereas the Piola stress

S=JTF7", (5.9

is defined in reference configuration with respect to pristine film dimension.

In formulating the theory, a stress tensor called Mandel stress defined as

Me < cere. (5.10)

The Mandel stress can account which is symmetric for isotropic materials can account for the

plastic flow in the material. The relation between Mandel and Cauchy stress is

M€ = J¢ FTF ™. (5.11)

Following (5.7), (5.8), (5.10), defining logarithmic strain tensor as
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3
ECE ) B or (5.12)
i=1

def . .
where Ef = In ﬂf, the Mandel stress is written as

v

Me — JS_
oE®

= 2G (¢)E{ + K (¢) (wE)1 (5.13)

this is obtained from eqn. (5.6).

Similarly, the Cauchy stress can be written as

T = J¢ 'REMER® = J¢' (2G(5)E€ +K(&) (trEe)l). (5.14)

Here the shear modulus(G) and bulk modulus(K) is a function of normalized concentration(¢).
The constant G and K are relates to Young’s modulus E asG = E/(2(1+v))and K = E/(3(1-2v)).
It is well known that when ions(Li or Na) alloys with solid solution anode the modulus varies with
concentration. [113] showed that biaxial modulus variation can be well described using rule of
mixture. Here, we follow the modulus and poisson ratio change similar to [61].

c

E(c‘):Eo+E110g(1+ ) and v(E):vo+v110g(1+ ) (5.15)
co

gll (Y]

X XmaxC

a= (5.16)

_x+1_xmaxc_+1

with a being the atomic fraction of ion in Ge.

5.1.3.2 Constitutive equation of chemical potential
The reaction of Li or Na against Ge is primarly to minimize the free energy. The free energy
minimization is obtain when chemical potential is zero. Therefore, we define the chemical potential

the anode using the relation given by [114]. The relation is given as
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where
1
p= —gtrMe, (5.18)

which is the mean normal pressure.

Here the terms in eqn.(5.17) includes the contribution due to chemical reaction and stress and
futher the chemical potential is constrained by the hydrostatic pressure in the system originating
from volume expansion.

The chemical potential now can be written as

1
P

u=" oM (5.19)
8cR 3

and based on the free energy form (5.6) is given as

W= po+ RdIn

— K(¢)QuE® (5.20)

"T-¢

The chemical contribution for eqn. (5.20) is similar to the form used by [58], [61] and [63],
however, the mechanical contribution is derived from (5.13).

Here v is the activity coefficient given by [61] as
7
ROIny = Z ay-n-émh, (5.21)
n=2

5.1.3.3 Evolution equation for F”
The free energy or the chemical potential defined accounts for energy stored in the system

and retained during cycling. Additional contribution comes through the plastic deformation which
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dissapates energy during cycling. This dissapation needs to be accounted as shown by [13] for
Li-Si that it account for nearly half of the total losses. Similar observation have been shown by [39]
for Li-Ge and Na-Ge system. The constitutive relations here defines how mechanical dissapation
is accounted. With the assumption that plastic flow is incompressible J” = 1, and knowing that the
material is isotropic, this futher gives us that the plastic flow is irrotational WP = 0 (spin tensor).

Therefore, the equation for plastic distortion F” is given as

F’ = D’F? (5.22)
3
D’ = Eépr’ (5.23)
3IM¢
which is the plastic stretching tensor and N” = 35 defines the direction of plastic flow.
o

Here the €7 gives the equivalent tensile plastic strain rate and ¢ gives the equivalent stress. The

change in flow strength following [63] is

o=Y()+ Y*(,—) . (5.24)
€0
Here, Y, is a positive-valued stress dimensioned constant with Y (¢) being the concentration

dependent yield strength. The € is the reference tensile plastic strain rate, and m is the strain rate

sensitivity of the material. The equation now for the plastic strain rate can be written as

0 it 0<Y(0)
P _
& =1 v (5.25)
€o —Y* if o >Y(2).
The concentration dependent yield strength changes is taken as
c
Y(C) = Ysar + (Yo — Ysa) exp | — C_‘_ > (5.26)
*
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In this case the three independent parameter {Y(, Ysat, €« } Which needs to be obtained by fitting

the experimental data.

5.1.3.4 Constitutive equation for mass flux

To define the boundary conditions on the system, we follow the procedures used by [115] and
[63]. External boundary conditions applied in case of battery experiments is current or potential,
which relates to boundary flux applied to the system. We neglect the effect of electric field which
was considered by [58] and assume that the current or potential directly infuences the species flux.

In regards, the spatial flux j of the diffusing species (Li or Na) is defined as

j=-mgradpu. (5.27)

A galvanostatic experiment is generally conducted to study the electrodes electrochemical and
stress behavior. In that case, the current i.e. the flux remains constant which through eqn. (5.27)
directly influences the chemical potential (refer eqn. (5.20)). Considering the material to be
isotropic therefore, the mobility tensor(m) reduces to a scalar. The influence of external flux

boundary condtion to the internal diffusion is related by

Dy )
m = ﬁc(l -0). (5.28)

Here, D, is the diffusion coefficient and ¢ = J™!cg. Itis straightforward that the concentration
of diffusing atoms in the anode influences the diffusion response i.e. the mobility is higher in

pristine sample compared to near saturation.

5.1.4 Electrochemical Kinetics
The prescribed flux on the surface is governed by the interfacial electrochemical kinetics (Fig.

1.4). A general relation between flux and current density is given as

I=-Fj (5.29)
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where / is the applied current per unit area and is constant in case of galvanostatic experiments,
F is the Faraday constant which is charge carried by a mole of electrons, and j is surface flux.
In a galvanostatic experiment, the applied current or flux of active species can be distributed to
two types of reaction, (i) the main reaction which governs the intercalation/alloying, (i1) the side
reaction which contributed to the irreversible loss of ions e.g. the SEI formation, and (iii) flux
attributed to double layer capacitance which acts as a buffer. The applied current in terms of main,

side, and double layer can be written as [66, 61]
Iapp = I'main + Lsige + IDL. (530)

The relation of main current (Ij,in) to the overpotential(n) is governed by Butler-Volmer kinetics

which is defined as

Fn
_a_

RO . (5.31)

Fn
— exp 1_aR_6?

Imain = IO,main ( exXp

Here, « is the symmetry factor(0 < @ < 1) and considering the redox reaction to be symmetric,
we consider @ = 0.5. The overpotential(n = V — U) is potential change required to drive an elec-
trochemical reaction i.e. U(¢) is equilibrium potential and V is the external measured potential (in
case of galvanostatic experiment). The coefficient Iy main is the concentration dependent exchange
current density which relates to the redox reaction at the interface. Based on direction of externally
applied current (positive or negative), either an oxidation or a reduction reaction dominates. The

1o main 18 givens as

IO,main = FkO,main(1 - C—)a/c—l—a (532)

with the parameter ko defining the reaction rate constant which is determined through exper-
iments. In addition to main reaction, the side reactions occurs at the interface and reduces the
concentration of active ions participating in the main reaction. This reaction can be modeled using

tafel kinetics as
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Fnide

Ro (5.33)

Liide = 10 side €XP ( — Uside
Here /4 1s the exchange current density for side reaction, and 7gige 1S given as 7sige = V — Uside
is the overpotential to drive the side reaction. The I 4. similar to eq. 5.32 is also defined
as lpsige = Fkosige(l — c')“c'l“’. It is to be noted that the side reactions always reduces the
applied current density irrespective of main reaction direction. To obtain [ sige, procedure given
by Sethuraman et al. [66] can be used. The side reaction kinetics is high in magnitude during
formation cycles i.e. cycle ran after assembly of battery. A cyclic voltametry (CV) experiment
during the first cycle provides the potential Usjqe Where the side reaction effects originates and its
magnitude increases as the surface potential (V) deviates from Usijge. In eqn. (5.33) asjge can be
assume to be 0.5.
In eqn. (5.31) and (5.33), it is critical to define equilibrium potential(U) and to obtain that we

follow the relation,

u
U=V - I (5.34)

where Vj is the stress free rest potential of the electrode, and chemical potential(u) is obtain
through the equation (5.20).
The transient nature to the electrochemical kinetics is provided by a double layer capacitance

and the current assocated with double layer is defined as

dv

Ip;, = CpL—, 5.35
pL = CpL— (5.35)

where Cpy is the capacitance associated with double layer. The simplified capacitance definition

was obtained from [65, 66, 116].

5.1.5 Balance laws
To solve a multiphysics problem it is necessary to maintain equilibrium with each individual

coupled physical phenomena. In this case, the coupling of stress and electrochemistry, a local
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balance of stress and concentration needs to be maintained. The governing partial differential

equation defining equilibrium are

1. The local balance of force for the macroscopic Cauchy stress

divT+b =0 (5.36)

where b is the non-inertial body force, and T is the Cauchy stress given by 5.14. This
follows the continuum mechanics basis where the Cauchy stress and body force needs to be
maintained at each material point. In case of statics problem, there exist no intertia therefore

b = 0 which means that the Cauchy stress needs to be balanced at a material point.

2. The local balance of the species concentration is given as

¢r = —Jdivj (5.37)

Here, the concentration of ions needs to balanced at the interface where the externally applied

flux (j) balances the diffusing ions in the body.

The equation outlined follows the multiphysics problem defined by [[114, 117]]. This problem
is numerically implemented following the approach on [[115]].

The governing equation are numerically implemented using the following strong forms

1. The balance of momentum is described as

divT =0 in B; x[0,T], (5.38)
u=u on S, x|[0,T], (5.39)
Tn=t on S¢x[0,7] (5.40)

Here S, and S¢ denotes the complimentary subsurface on the boundary d B, on the deformed

bOdy Bt.
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2. The balance of ion concentration is described as

A pair of boundary condition in which the chemical potential is defined on S, and fluid flux

on §;j.

¢gr =-Jdivj in B, x [0,T], (5.41)
u=f on S,x[0,T], (5.42)
—j-n=J on Sjx [0,T] (5.43)

with 1, {, /7, and j prescribed function on x and 7. The initial data is taken as

u(X,0) =up(X), and u(X,0) =pup(X) inB (5.44)

The equation 5.36 and 5.37 with 5.41 and 5.44 yield the initial and boundary value problem

for displacement and chemical potential.

The numerical implementation was carried out using ABAQUS user element subroutine (UEL)

for a linear isoparametric 4 node 2D axisymmetic element (UAX4), 2D plane strain element (UPE4),

and 8 node 3D element (U3D8). The numerical implementation follows the description given be

[115].

Additionally, the electrochemical kinetics is numerically implemented by solving eqn. (5.30).

5.2 Verification of Model

The coupled multiphysics problem of diffusion-deformation is complex in implementation and

needs to be verified againt standard analytical solutions or a simplified numerical implementation

of the problem. In this case, the verification was done against 1-D forms of the equation which were

implemented in MATLAB. To verify this problem, individual components i.e. diffusion without

deformation and vice versa needs to be compared.
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5.2.1 Mechanical constitutive
Figure 5.1 and Fig. 5.2 compares the true stress - strain curves from a 1-D MATLAB imple-
mentation to a single element finite element implementation in ABAQUS. Here, deformation was

applied at different strain rates with constant concentration (Fig. 5.1) , and deformation at different

concentration under same strain rate (Fig. 5.2).
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Figure 5.1 Comparing True Stress vs True Strain at 3 different normalized concentration(c) a)
0.025 b) 0.1 ¢) 0.5 with data from 1-D Matlab and single element U3D8 at € = 0.001.
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Figure 5.2 Comparing True Stress vs True Strain at 3 different strain rate(¢€) a) 0.001 b) 0.01 ¢) 0.1
with data from 1-D Matlab and single element U3D8 at ¢ = 0.5.

In absence of diffusion, the deformation problem is simplified to solve a viscoplastic problem.
Here the plastic strain is considered as described in (5.25) with the yield strength given in (5.24).
Using the material parameters given by [63] et al., Fig. 5.1 at constant € of 0.001 was obtained.
We see a good agreement between the simulations performed by ABAQUS UEL and MATLAB. In

addition, we can also see the characteristic of concentration dependence(Fig. 5.1) which is, as we
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increase the normalized concentration(¢), the young’s modulus decreases, also accompanied with
a decrease in Yield strength and a delayed yielding at corresponding strain.

Figure 5.2 which is a comparison of True Stress vs True Strain behavior at different strain rate
keeping the concentration(¢) constant at 0.5. Here, we see a good agreement between UEL and
MATLAB with the classical strain rate dependence shown. Also, when strain rate is increased by
a magnitude, the corresponding yield point and saturation strength increases with a delayed onset
of plasticity. Figure 5.1 and Fig. 5.2 therefore verifies the deformation problem in absence of

diffusion.

5.2.2 Diffusion constitutive
We verify the diffusion characteristics by suppressing the deformation. Here we compare the

1-D the diffusion equation (Fick’s law) given as,

ot~ ox|"ox

where m being the mobility defined in 5.28 to solution obtained form ABAQUS finite element.

oc a( 35), (5.45)

The eqn 5.45 was implemented using finite difference method in MATLAB. Now a 1-D geometry
simulated by a row a plane strain elements (UPE4) was solved using UEL subroutine in ABAQUS.
The comparison of the obtained solutions is shown in Fig. 5.3. In both cases a concentration
boundary condition applied was linearly ramped to a ¢ of 0.5. A good agreement if seen between
the ABAQUS UEL and 1-D diffusion equation verifying the numerical implementation of the

constitute flux equations.

5.3 Model Calibration

We now proceed to calibrate the model to the experimental data provided by [39] for Na-Ge
system. Fig. 5.5 shows the experimental data required for calibrating the model. The data for stress
change due to sodiation/desodiation in Ge was obtained following the substrate curvature method
[[13]]. In this experiment, a galvanostatic current density (i.e. constant flux boundary condition)
of 1 uA cm™2 was applied and potential was varied between 2.0 V and 0.001 V vs Na/Na*. During

the galvanostatic cycling, the Ge thin film undergoes volumetric expansion due to diffusion of Na,
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Figure 5.3 Comparing normalized concentration (¢) vs distance/length between ABAQUS UEL
and 1D diffusion equation.

and its experimental data is provided by [39]. As a 100 nm Ge film is deposited on a 250um fused
silica substrate (Fig. 5.4) , the in plane expansion is constrained causing ths substrate to curve. The
curvature is recorded using multi-beam optical sensing(MOS) method and the relation between

curvature(x) and stress is given by Stoney equation [[90]]

1 E; h?
O'ZE(I_VS)EK.

(5.46)

Here E; and v, is Young’s Modulus and Poisson ratio of fused silica substrate, with sy and
hy begin the substrate and film thickness respectively. Note, to record the true stress we need
to incorporate thickness change as area remain constant. The thickness change is accounted by
linearly interpolating it with state of charge(SOC,z c [0, 1]) where pristine Ge is 0 and Na saturated

in Ge is 1. The equation for thickness change is

hf = h(1+2.62), (5.47)

where h(f), is the film thickness (100 nm) at the start of the experiment and z is obtained as

Capacity

= . 5.48
¢~ Maximum Capacity (548)

To obtain capacity we calculate the charge accumulated (Q) due to electron flow
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0= / Lppdt (5.49)

where 1,,, begin the applied current. The charge can be converted to specific capacity using

Q
Capacity = V—xp (5.50)

Here V is the initial volume of the thin film anode and p the density of Ge thin film.

a-Ge (100 nm) |

Fused Silica —

(250 um)

Figure 5.4 hows the mesh to simulate the thin film in-situ stress experiment.

To simulate the experiment we implement the finite element mesh as shown in Fig. 5.4. Here
a single column of elements near the axis of symmetry was considered. The 100 nm Ge film was
simulated using ABAQUS user element (UAX4) and the fused silica substrate was meshed using
ABAQUS standard continuum elements (CAX4). The element size for Ge film was chosed to obey
the diffusion lengths scales follwing L = /Dt where L is element length, Dy is diffusion coeffcient
of Na in Ge, and t is the time scale. 100 element each of 1 nm was chosen to discretize the film.
Similarly, the substrate was discretized with 20 elements each of 5 nm in size. The thickness of the
substrate was reduced to minimize computation time, and this was done by adjusting the Young’s
modulus of the substrate to maintain stiffness. Mesh size refinement did not yield any significant

change in result. The boundary condition applied to solve this problem are
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* Mechanical boundary condition: In Fig. 5.4 on the left edge AB symmetric boundary
condition is applied having fixed radial displacement. The right edge CD is applied with
slider boundary condition keeping that edge parallel to AB. The bottom left node B is kept

fixed in order to avoid the substrate moving in vertical direction.

* Flux boundary condition: A constant flux boundary condition applied to surface AD. The
magnitude of flux applied was calculated based experimental current density and this takes
into consideration the c-rate. In this case, the current density of 1 uA cm2 is prescribed

which is equivalent to c-rate of C/20.

Figure 5.5 and Fig. 5.6 shows the result obtained from the simulation and it comparison with
experimental data. Fig.5.5a show the stress vs time comparision whereas 5.5b shows the stress vs

capacity comparision. The parameters which gave the best fit are outlined in table 5.1
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Figure 5.5 Calibrating the Model to experimental data a) True stress vs time and b) True stress vs
Capacity for Na-Ge.

The model is robust to capture the stress changes in Li-Ge system. As seen the lithiation of
pristine a-Ge produces a compressive stress unlike sodiation of a-Ge therfore the curve fit captured
the first cycle stress change. The elastic loading/unloding shows a good match following the
modulus change from eqn.5.15 and calibrating to the observations of [120]. A similar energy lost

due to plastic defomration is seem from the experimental data and simulation. similarly, the losses
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Figure 5.6 Calibrating the Model to experimental data a) Voltage vs time and b) Voltage vs
Capacity for Na-Ge.

Table 5.1 Material parameters for Na-Ge calibration.

Parameters Values Source
Chemical PGe 7.337 x 10¥ mol m=3 Singman et al. (1984)
Q CMax 2.39 [39]
CR.max 27.5% 10* mol m~3 [111]
Do 1.6x10717 m2 5! [118]
[a3,a3,34,5,6,7/F  [0.0109,1.8869,-4.4848,6.2981,-5.2075,1.8296] V Fit Obtained
Elastic Parameters Ege 80 GPa
VGe 0.214
Ey; 3.9 GPa [119]
VLi 0.3
Plastic Parameters Yo 0.5 GPa Calibration Fit
Yaat 0.1 GPa
€ 2.3e-3
m 2.94
Cx 0.70
Electrochemical Parameter ko 1.625%1078 mol s~!
Uside 0.8V [39]
Ko.side 4x10713 mol s7!
Io/Car 8x1070 vs!

due electrochemical hysteresis is captured in the potential change due to lithiation/delithiation by
adjusting the reaction kinetics parameter (ko).

From the obtained calibration, we can make the following observations as

* The obtained stress evolution (Fig. 5.5) during sodiation and desodiation of a-Ge predicted

well with the assumptions of diffusion-deformation coupled with electrochemical theory.

* The compressive stress during sodation and tensile stress generated during desodiation was

well captured during by our model and is repeatable for atleast 2 cycles.
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* Although there is no published data of Youngs modulus and poisson ratio for change during
sodiation/desodiation, with the assumption of modulus variation in eqn. (5.15), good elastic

respone during loading and unloading.

* The theoritical capacity of NaGe is 369 mAh g~!' however, the capacity obtained in first
cycle is well beyond the theoritical limit, which is contrary to the observation of Li-ion based
anodes where the first cycle capacity obtained below theoritical limit. This high capacity
obtained is due to irreversible reaction contributing significantly than Li-ion system. By
adjusting the Ip 4. the model is able to capture the losses in first cycle and decrease in

magnitude of loss during subsequent cycle.

* The marching behavior i.e. the shift in capacity with each cycle as observerd in the experi-
ments is captured due to implementation of Tafel side reaction kinetics which contributes to

the capacity loss in each cycle.

* The potential variation is captured first by obtaining the activity coeflicient from the equi-
librium potential fit and secondly by adjusting the reaction rate kinetic parameter (ko) which

contributed to the area under the potential hyeteresis loop.

The focus currently on modeling the anodes for LIBs [[61, 63]] however with the emergence
and demand of NIBs [[121]], there is a need to extend these models and incorporate different
chemistries. The results in Fig. 5.5 and Fig. 5.6 shows the diffusion-deformation theory models
can incorporate the electrochemical kinetics which helps in extendind these models to NIBs.

One of the characteristics of upcoming electrochemical system viz. NIB, Aluminum ion battery
[[122]] is that they are not optimized for cyclibility, and large contribution comes from irreversible
losses. These losses is measured by columbic efficiency where for Na-Ge is about 63% compared
to 90% observed for Li system for first cycle, and they are attributed to the side reaction due to SEI
formation. NIBs have large contribution due to side reaction, as shown in Fig. 5.6 the hysteresis
losses in first cycle is significantly higher that subsequent cycle, this has been accounted by adjusting

the /¢ siqe Which for sodiation of pristine a-Ge is higher than the steady state cycling. This compared
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to LIB where [ 5i4. can be same for first cycle and steady state cycling. The electrochemical kintics
implementation helps in accounting this observation.

The characteristic effect of side reaction is shown by the marching behavior i.e. increase in
capacity at end on sodiation or desodiation for each cycle or the moving of each cycle towards
high capacity. This phenomenon originates due to side reaction [[123, 124, 125]] consuming
active ion and since an infinte source of Na (counter electrode) exists the overall marching is
towards higher capacity.Adjusting this /o g4 also accounts for the marching behavior obseved
during cycling [[66, 77]]. The implication is that fracture of electrodes can be investigated which
provides addition area for side reaction and further contribute towards marching behavior [126].

We follow a similar calibration procedure to fit the experimental data of stress evolution during
lithiation/delithiation of amorphous germanium [[15]]. Figure 5.7 and 5.8 shows the curve fit both

the stress and potential change.
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Figure 5.7 Calibrating the Model to experimental data a) True stress vs time and b) True stress vs
Capacity for Li-Ge.

5.3.1 Side Reaction Kinetics for marching behavior

Figure 5.9 shows the comparision of Na-Ge with and without the side reaction kinetics. The
cycle 1 to 4 in all plots show that without including /j 4. the marching behavior i.e. the shift in
capacity with cycles cannot be captured. The characteristic effect of side reaction is shown by the

marching behavior which increase the capacity at end potentials of sodiation or desodiation for each
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Figure 5.8 Calibrating the Model to experimental data a) Voltage vs Time and b) Voltage vs

Capacity for Li-Ge

Table 5.2 Material parameters for Li-Ge calibration.

[a2,a3,84,5,6,7]/F

Parameters Values
Chemical PGe 7.337 x 10 mol m™>
Q CRMax 2.625
CR max 2.75 x 10° mol m~*
Do 1.5x107 4 m? 57!

[1.9291,-2.1062,-0.4111,4.8441,-5.7364,2.2233] V

Elastic Parameters Ege 80 GPa
VGe 0.214
ELi 491 GPa
VLi 0.36
Plastic Parameters Yo 0.7 GPa
Ysat 0.6 GPa
€ 2.3e-3
m 2.94
Cx 0.9
Reaction Kinetics Ko,main 1.625%10~7 mol s~
Ko.side 5%1071% mol s~!
TIo/Cay 1.3437x1075 V 57!

cycle or the moving of each cycle towards high capacity. This phenomenon originates due to side
reaction [[123, 124, 125]] consuming active ion and since an infinte source of Na (counter electrode)
exists, the overall marching is towards higher capacity. Adjusting this /g 4. also accounts for the
marching behavior observed during cycling [[66, 77]] which can be seen for the case of cycle 1
compared to subsequent cycles. The marching behavior shown by Na-ion battery system can be due
to SEI solubility [[127]]. Relatively, the Li-ion batteries, shows minimal marching due to stable
SEI formation after first cycle and follows cycling behavior shown similar to without side reaction

in Fig.5.9. The Ijiqe acts as indicator of the side reaction contribution and with respect to main
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reaction the /o sq4e 0of Na-Ge with respect to kg 1s 0.07 whereas for Li-Ge is 0.01. This mean the
side reaction nealy 7% of the applied current for Na-Ge whereas incase Li-Ge is 1%.

The potential also changes when there is no flux applied i.e. during OCP condition. In OCP
conditions, the ions is assumed to not diffuse in and out of Ge therfore the potential change occurs
only through side reactions. Fig. 5.9a illustrates the potential vs time for Na-Ge with and without
including side reaction and after 32 hrs, a OCP boundary condition is applied. We can see that
when no side reaction is inluded, the potential reamins constant over however, when side reaction is
included the potential increases, this is closer to experimental observation in literature. Although
the change observed here is small, more experiments are needed in case Na-Ge system to verify the
observation. Similarly the stress change can be accurately obtained when side reaction is included
although more experiments on stress during OCP is needed to convey this point.

Here we can see the impact of including tafel side reaction kinetics in the marching behavior
and during OCP condtion can be accurately obtained. Although inclusion of side reaction kinetics
is still steady state in nature. We next explore how the transient kinetics impacts the stress and

potential behavior of Na-Ge and Li-Ge systems.

5.4 Steady state vs Transient electrochemical Kinetics

Figure 5.10 show the potential vs capacity and stress vs capacity for a Li-Ge system with and
without the double layer capacitance. In Fig. 5.10a and 5.10c we see the including the double
layer capacitance the potential response at the end potentials i.e. near 0.05 V or 1.2 V is closer
to the experimental data as compared to without double layer. This clearly shows that when
sudden changes occur at the end potential double layer involves and acts as a buffer which provides
smoother transition. When a simulation is performed without the double layer, the end potential i.e.
0.05 V reaches earlier due to the absence of current associated with double layer. The true stress
follows the similar path as the potential as seen in Fig.5.10b,5.10d, this is due to the stress-potential

coupling[42].
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Figure 5.9 Shows the a) Voltage vs time, b) Voltage vs Capacity, c¢) True Stress vs Time, and d)
True stess vs capacity for Li-Ge. Here the dotted black curve is the experimental data, solid black
is the simulation with the side reaction and dash dotted curve shows the simulation without side
reaction. The inclusion of side reaction allow to match the capacity, account for charge lost, and
capture potential change during OCP.
5.5 Conclusion

High performace anodes are been considered for for batteries such lithium ion and sodium ion.
These high performance anodes undergo large volume expansion i.e 300% which when constrained
produces stress in the order of 1 GPa. These stress can also fracture the electrode and cause variour
other associated effects. Therfore a mathematics model is needed in order to study the electrode
behavior and design electrode gemometries.
The

Models that have been develped in literature are all based on lithium ion batteries.

lithium ion batteries are effecient as compared to other batteries viz. sodium ion therfore, simple
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Figure 5.10 Shows the a) Voltage vs Capacity, b) Stess vs Capacity, c) Voltage vs Time , and d)
stress vs time during OCP for Li-Ge. Here we compare the effect of double layer capacitance on
potential and stress. The double layer capacitance allows to capture accurately the shape of
potential and stress during galvanostatic flux change.

approximation of electrochemical effects can be used however, in order to apply these models for
upcoming battery chemistries a model which include a generalized description is need. The models
are also based on steady state electrochemical kinetics however a transient model is needed to
include rate dependency.

Here a simplified transient electrochemical model is formulated coupled with a diffusion de-
formation model with include viscoplastic constitutive behavior. The model is numerically imple-
mented in a ABAQUS UEL subroutine for three different element i.e. axisymmetric, plane strain
and 3D. The model is verified for the viscoplastic finite element implementation and diffusion.

There verfication shows the formulated model is consistent with standard analytical equations.
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The model is calibrated against experiments performed on two different system i.e. Li-Ge
and Na-Ge. The calbration shows the robust nature of the model which can be used not only for
existing lithium ion batteries but also for sodium ion batteries. The NIB shows a sinificant marching
behavior as compared to LIB. In this case, the tafel kinetics side reaction implemetnation allow to
capture the marching behavior. Also, the taflel kinetics allows to capture the potential change during
no flux boundary condition i.e. Open Circut Potential (OCP) which is experimentally observed.
The side reaction also allow to accurately relate the stress-potential during galvanostatic cycle.

The main and side reaction are the steady state kinetic however, to implement trainsient kinetics,
a capacitance is included in the model. The capacitace acts as a buffer for the flux flow controlling
rate for ion flux. The effect can be clearly seen in the potential and stress data where an accurate
prediction of experimental data is observed compared to steady state condition especially when
there is a change in flux direction or applied current. In addtion during OCP condition the stress
and potential is accuratly known. The difference is highly noticable when high current is applied.
Therfore in order to predict stress and potential for higher peformance anoded for various chemistries

a coupled transient electrochemical model along with large deformation kinetmatics is necessary.
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CHAPTER 6
CONCLUSION AND FUTURE PLAN
6.1 Conclusion

6.1.1 Interface fracture under dry conditions

An experimental methodology to characterize the failure behavior of binder/active material
interfaces in battery electrodes is established using PVdF/Si as a model interface. A blister test
sample that mimics the PVdF/Si interfaces in commercial batteries was fabricated using a series
of nanofabrication processes. The samples were then assembled in a cell to pressurize the PVdF
film until it delaminates from the Si surface. The pressure and deflection behavior of the film was
measured during the experiment with an in-house optical setup based on Michelson interferometry
principle.

The critical pressure measured at the onset of crack propagation was then used in a finite element
model to evaluate the critical strain energy release rate G . of the PVdF/Si interface. The FE model
accurately accounted for all the experimental conditions including the initial profile of the PVdF film
(which was not flat under zero applied pressure for PVdF/SiO; samples) and the residual stress in
the film which was measured using a well-known substrate curvature measurement technique. The
sample design and current testing method ensured small-scale yielding conditions in the samples,
i.e., the sample was nominally elastic throughout the test, and the plastic deformation of the PVdF
was confined to a very small region near the crack tip. As a result, the critical energy release rate
values and the overall mechanical behavior evaluated from a simple analytical solution, based on
the theory of linear elasticity, matched very well with those determined from the FE model, which
accounted for large deformation and non-linear material behavior.

The average and standard deviation of the critical strain energy release rate Gec of PVdF/Si
interface, measured from seven circular blister samples, is 0.59 + 0.16 J/m?%. The XPS and SEM
analysis of the fracture surfaces showed that the crack path was predominantly at the PVdF/Si

interface, i.e., pure delamination, and the mechanism of failure was adhesive. Hence, the measured
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Gc can be considered as the energy required to break the bonds to separate PVdF from Sisurfaces.
Since the crack propagation occurred at the interface, fracture is mixed-mode and the measured
Gc, in general, is a function of the phase angle . The phase angle in the axisymmetric (circular)
samples used here is 68°, hence, the Gc = 0.59 + 0.16 J/m? should be associated with this phase
angle. It should be noted that the Gc values reported here were measured by accounting for the
residual stress in the film, but if the residual stress in the film was not measured and ignored, the
error in the Gec measurement will be 47%.

It is observed that PVdF adhere strongly to SiO, compared to Si with native oxide which was
determined by the fact that Gc of SiO, samples is 2.46 + 0.40 J/m? compared to Si with native
oxide. The likely mechanism that contributes to the higher adhesion is high concentration of Silanol
(Si-OH) group present on the substrate surface of SiO, compare to native oxide Si. The PVdF
adheres to these Si-OH group via the van der waals forces. The higher concentration of Si-OH was
verified using XPS and Raman characterization of both surfaces. This observation corroborates
with the literature where PVdF modified with -OH or binders with higher -OH concentration bonds
better with Si surface. The novel systematic method developed not only allow to quantify the
measured of energy release rate i.e. intrinsic adhesion between polymer binder and active material
but can also provide insight into the bonding mechanism.

Since the measured Gc is a fundamental fracture parameter that characterizes PVdF/Si and
PVdF/Si0; interface failure, one can use G = G, as a failure criterion to predict interface failure
irrespective of sample geometry, including the interfaces in a composite battery electrode. To
validate and demonstrate the predictive capability of the fracture criterion G = G, rectangular
(plane strain) samples with PVdF films on SiO, surface were tested and failure pressure was
recorded. Using the measured G in a finite element analysis, the failure pressure of the rectangular
samples was predicted successfully. The predictions agreed remarkably well, demonstrating that
the critical energy release rate G, measured is a fundamental fracture property that characterizes
the PVdF/Si0O; interface failure. This study paves the way for the implementation of fracture

mechanics ideas in multiphysics battery models to simulate and predict the degradation behavior
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of batteries

6.1.2 Interface fracture under electrochemical conditions

The PVdAF/Si and PVAF/SiO; interface shows 0.59 + 0.16 J/m? and 2.46 + 0.40 J/m? energy
release rate under atmospheric condition. However, in batteries various mechanism occur at the
interface due to electrochemical cycling i.e. lithium transport in Si to form lithiated Si, SEI
formation, and swelling of PVdF binder due to electrolyte. Therefore, it is important to understand
the effect of electrochemical cycling on the interface adhesion i.e. energy release rate of PVdAF/Si.
Here we subject the PVdF/Si sample to electrochemical cycling by soaking the sample in electrolyte,
adding a polymer separator and lithium metal foil over the sample. The samples and lithium foil
was connected to an external potentiostat to supply current. Here PVdF/Si sample is the working
electrode and lithium foil is the reference/counter electrode. The sample was subjected to a
galvanostatic current of 7.5 pA for 8 h and then tested for interface failure similar to the dry
PVdF/Si and PVdF/SiO; samples.

The PVdF in the PVdF/Lithiated Si sample showed significant deflection compared to dry
PvdF/Si sample. This was due to lower thickness of PVdF i.e. 1.2 pm compared to 6 pm. Also
due to electrolyte swelling, the Youngs Modulus of PVdF reduced from 1.6 GPa to 0.3 GPa. FE
analysis was performed and compared to the experimental data. It was observed that after certain
pressure the experimental deflection was significantly higher that FE simulation. This was due to
the crack initiation and propagation as the diameter of intact PVdF increased. Visual observation
confirmed the crack initiation. The energy release rate at crack initiation was obtained to be 0.28 +
0.04 J/m? which is nearly third of the dry condition PVdF/Sii.e. 0.5 9+ 0.16 J/m?. Therefore, due
to electrochemical cycling the interface between PVdAF/Si degrades.

This degradation of interface is likely to happen due to the swelling of PVdF binder which
disrupts the van der waals interaction between PVdF and Si substrate. Also, the due to degradation
of electrolyte, there is formation of SEI at the interface. To verify the interface failure between
PVdF/Lithiated Si, formation of SEI and lithiation of Si, XPS analysis was performed on the

failed sample. The XPS analysis shows minimal presence of PVdF related peak (686.6 €V) in Si
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compound indicating the interface failure. LiPF6 salt derivatives compounds on Si surface indicated
the formation of SEI and Li metal peak were observed in Si proving the lithiated Si formation.
Therefore, the obtained Gce for PVdF/lithiated Si is the interface adhesion energy required to remove
the PVdF binder from Si surface. The obtained energy can be implemented in a Multiphysics model

to predict the failure of the composite electrode.

6.1.3 Multiphyiscs model for active material

A multiphysics model that can account for large deformation behavior of active material and
strong coupling between mechanics and electrochemistry was developed. The existing models
in literature capture the large deformation behavior of battery materials but assume steady state
electrochemical kinetics. Here we implement the transient electrochemical kinetic which considers
the effect of double layer that exists at the active material particle/electrolyte interface. This
implementation allows the time dependent electrochemical behavior.

Here we implement a simple double layer capacitance model relating the current associated
with double layer charging to the rate of change of potential; the proportionality constant will be the
double layer capacitance. The electrochemical reaction associated with solid solution formation
i.e. lithiation/deliathiation or sodiation/desodiation were implemented using Butler/Volmer kinetic
and reaction associated with loss of active ions e.g. SEI formation were implemented using Taflel
kinetics. The deformation behavior of active material particle was implemented using multiplicative
decomposition of diffusion gradient in which the elastic deformation, plasticity and swelling due to
volume expansion. The active material particle constitutive behavior was implemented as elastic
deformation followed by rate dependent plasticity based on the experimental observation of Li-Ge
and Na-Ge. The model is numerically implemented in ABAQUS user element subroutine (UEL).

The model is calibrated with the experiments performed on two deferent systems, i.e., Li-Ge and
Na-Ge systems. The calibration shows the robust nature of the model which can be used not only
for existing lithium ion batteries but also for sodium ion batteries. The effect of ignoring transient
electrochemical kinetics was shown by performing simulations with and without the double layer

capacitance. It was observed that the transient kinetics allows for smoother transition in potential
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and stress which is what observed in experiments. Also, it enables accurate prediction of the stress
and potential behavior of electrodes. Therefore, implementation of transient kinetics is important
to accurately predict the behavior of active material particle. The theory will also allow us to
predict the interface failure behavior at the binder/ active material interface by applying a cohesive

behavior at the interface.

6.2 Future Work
The interface fracture experiments were preformed under dry condition and electrochemical
condition for PVdF/Si and PVdF/Si0, interface. These characterization method can be extended

to study

1. Effect of cabon black additive in PVdF on the interface fracture

2. Investigating Na-carboxylmethyl cellulose (CMC)/Si interface in dry and electrochemical

conditions
3. Repeating this study for Na-ion battery composite electrodes

4. The current experimental setup uses noncoherent source of green light, but a whitelight with

scanning capability can eliminate the limitation of the existing setup

5. The current setup can be extended to investigate the stress-strain behavior of electrodes

The model can be extended to

1. This model can be extended to include thermal behavior compsite electrode i.e. binder and

active material
2. Extending the theory to include interface damage
3. Extending the theory to develop model for a composite electrode
4. Studying the fracture behavior of active material particle

In next two section we will explain with preliminary reults the experiments and model
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6.2.1 Characterizing the Stress-Strain behavior of thin films

The experimental method to characterize the interface failure also provided the stress-strain
behavior of the thin films. Here we demonstrate the capability by subjecting a PVdF thin film to
a loading-unloading pressure-time relation. Fig. 6.1a show the rectangular plane strain sample
subjected to an Ar pressure of 4.5 KPa and then unloaded to 1 KPa of pressure at a mass flow rate
of 0.8 sccm. The obtained pressure-time curve is shown in Fig. 6.1b. The plateaus obtained in Fig.
6.1a after 4 KPa is due to leakage. Fig. 6.1b shows the corresponding pressure-central deflection
obtained from the interference pattern using the procedure described in chapter 2.

The experimentally obtained pressure-central deflection can be converted to stress and strain be

implementing the equations Xiang et al. [69]

~ p(a® + w%) 6.
B 2W0tf '
and
2 2
as+w 2
€=¢€,+ 0 arcsin awo ) _ 1. (6.2)
2awq a’+ w(z,

Here o is the stress and € is the strain in the film. This is obtained for the PVdF film and is
shown in Fig. 6.1d. Here the a linear fit is performed on the unloading section of stress-strain
curve, and the slope of the linear fit can provide the Youngs modulus of the PVdF film. The elastic
modulus was obtained to be 2.95 GPa which is similar to the modulus repoted in literature [27].

A similar analysis can be performed on Si thin film and which can be subjected to lithia-

tion/delithiation and and obtain the stress-strain curve of lithiated films at various concentrations.

6.2.2 Finite Element Simulation of interface failure in composite electrode

Figure 6.2 show the schematic of the rechargeable battery electrode with a zoomed in view at an
active material particle and binder interface. The inset is the FE mesh where the 100 nm Si active
material particle is discretized with ABAQUS UEL element and PVdF binder is discretized with
CAX4 element. The objective of the simulation is to understand the behavior of Si active material

particle in the presence of PVdF binder and predict the interface failure behavior.
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Figure 6.1 (a) shows the rectangular plane strain sample of PVdF thin film on Si substrate
(b)Shows the Pressure-time curve of a rectangular PVdF thin film ( 750 nm) (c) show the
corresponding pressure-central deflection during the loading and unloading (d) show the stress
and plane strain in the central deflection region where the red line is a linear fit to the stress-strain
during unloading.
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Figure 6.2 (a)Shows the schematic of rechargeable battery with composite electrode. The inset
shows the zoomed in view of a binder attached to Si particle. The inset is a FE mesh representing
the quarter of the particle with symmetry boundary conditions.(b)Actual active material particle
with binder[5].
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In this simulation the constitutive behavior of Si particle is defined by the diffusion-deformation
theory as defined in Chapter 5. Similarly, the PVdF is defined by elastic-visoplastic constitutive
behavior as given by Santimetaneedol et al. [27] and is implemented as an ABAQUS user defined
material (UMAT). Here the interface is defined by cohesive surface behavior defined by the quadratic

maximum traction-separation relation as

<Ilp> I Iy
+—+

— 1 6.3
PO (6.3)

_O =

tl‘
Here 19, 1%, and t? is peak contact stress at the interface. Here the subscript represent n is normal

direction, s and t are the first shear and second shear directions. In a 2-D simplification we can

assume the first and second shear direction to be similar as shown in Fig ??. The area under the

traction-separation curve is the Gc obtained experimentally from the interface fracture tests.

traction &

O (0,0 ) O (0 O ) separation

Figure 6.3 Typical traction separation relation with linear softening.

The lithiation/delithiation flux is applied at the interface between the PVdF binder and Si surface
because PVdF binder absorbs the electrolyte and provide ions for diffusion. Fig. ??a shows the
Potential-time curve obtained for the single particle due to galvanostatic current applied. Here the
Si active material particle expands however, it is constrained by the PVdF binder on the surface.

Therefore, the expansion causes large traction at the interface between binder and active material
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particle. It was observed here due to expansion the interface starts to damage. Fig ??b shows the
damage initiated quite quickly (at (i)) however, there is no detachment seen at the interface due to
volume expansion generating compressive stress at the interface. The damage progresses until the
complete lithiation. Here the particle behaves similar to a perfectly bonded particle until end of
lithiation i.e. pt (ii).

When delithiation progresses, the particle interacts with binder on the edges where the contact
remains and imparts tensile hoop stress on binder. At pt. (iii) we can see the complete damage

progression and detachment of active material particle from the polymer binder indicating failure.

Potential V vs Li/Li*
o o o
' o fo")

o
o

D

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Figure 6.4 (a)Show the potential vs time evolution of the single active material particle with PVdF
binder Fig.7.1 subjected to galvanostatic lithiation and delithiation (b) Show the corresponding
damage evolution (D) at three different points on the potential-time curve.
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