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TITLE: Granular mechanics approach of battery electrode breathing

To optimise lithium-ion batteries capacity, the adding of silicon as active material of the anode is an
interesting solution. However, the significant volumetric expansion of this material during its alloy with
lithium makes its insertion delicate. Indeed, the volumetric expansion creates a “breathing” effect of the
cell at the rhythm of charge and discharge cycles, which causes mechanical stress potentially detrimental
to lifespan and safety. The current models of this phenomenon are still unable to describe it accurately,
especially the irreversible expansion at each cycle. These approaches addressed the problem through the
prism of continuous material. Yet, it is a fact that the material of an electrode is granular and that the mi-
crostructure can change because of particles reorganisation. In addition, the few approaches that considered
this discrete structure do not present a comprehensive analysis of the contact properties between particles.

The objective of this thesis is to integrate the granular structure in an electrode model and estimate the
impact of the various granular properties on breathing.

The construction of the breathing model is based on the use of DEM (Discrete Element Method), a com-
putation tool of dynamical interaction between particles. Built with the open-source code LIGGGHTS, the
numerical sample is composed of a particles bed representative of a 50 um thick anode. Particles have
the properties of silicon/carbon black and graphite, and the used contact law is the Hertz-Mindlin law.
First, the model predicts a swelling amplitude almost linear with the proportion of silicon within the anode.
Moreover, the pressure applied on the electrode and the particles rigidity are closely linked through the
concept of particles bed “stiffness level”: increasing pressure is similar to decreasing particles rigidity, and
vice versa. At low stiffness level, the breathing amplitude decreases significantly, and at high stiffness level,
the breathing amplitude is independent of the latter. In addition, adhesion and breakable bonds between
particles are respectively implemented by the laws of Johnson-Kendall-Roberts and Potyondy-Cundall. Ad-
hesion and/or presence of breakable bonds between particles particularly favour the irreversibility at first
cycle: the irreversibility is susceptible to reach until 70% of breathing amplitude only because of particles
reorganisation. This observation confirms the idea that the granular media is susceptible to contribute to the
first cycle irreversibility observed experimentally. Finally, when friction between particles is high and the
rotation of the latter is blocked, a phenomenon of “pillars” appears: only few columns of particles support
the pressure applied on the electrode.

In parallel, an experimental study was carried out on macroscopic samples to investigate the effect of
pressure variation during cycling, temperature and pressure during first cycles. The pressure variation during
cycling affects anode thickness but shows to be weakly influential on breathing amplitude. A high cycling
temperature (61°C) generates a diminution of breathing amplitude. It also creates a progressive capacity
loss more important, but it does not explain all the influence on breathing amplitude, hence the impact on
microstructure is suspected. At last, high pressure (3 MPa) during first cycles turns out to be a lever to

reduce durably the breathing amplitude of the anode.



TITRE: Approche par mécanique granulaire de la respiration des électrodes de batterie

Afin d’optimiser la capacité des batteries lithium-ion, I'incorporation de silicium en tant que matériau
actif de I'anode est une solution intéressante. Toutefois, la forte variation volumique de ce matériau lors de
son alliage avec le lithium rend son intégration délicate. En effet, la variation volumique crée un effet de
“respiration” de la cellule, au rythme des cycles de charge et de décharge. Cela induit alors des contraintes
mécaniques potentiellement néfastes a la durée de vie et a la sécurité de la batterie. Les modélisations
actuelles de ce phénomene manquent encore a le décrire correctement, en particulier 'expansion irréversible
a chaque cycle. Ces approches sont majoritairement placées sous le prisme du matériau continu. Or, il est de
fait que le matériau d’une électrode est granulaire, et que la microstructure peut évoluer par un réagencement
des particules. Par ailleurs, les quelques approches ayant considéré cette structure discrete ne présentent pas
d’analyse précise des propriétés de contact entre les particules.

L’objectif de cette these est alors d’intégrer la structure granulaire dans un modele d’électrode et d’évaluer
I'impact des différentes propriétés granulaires sur la respiration.

La construction du modele de respiration est basée sur 'emploi de la DEM (Discrete Element Method),
un outil de calcul d’interaction dynamique entre particules. Construit avec le code open-source LIGGGHTS,
I’échantillon numérique est composé d’un lit de particules représentatif d’une anode de 50 um d’épaisseur.
Les particules ont pour propriétés celles du silicium/carbone et du graphite, et la loi de contact employée
est la loi de Hertz-Mindlin. Tout d’abord, le modele prédit une amplitude de gonflement quasiment linéaire
avec la proportion de silicium dans 'anode. Ensuite, la pression appliquée sur I'électrode ainsi que la rigid-
ité des particules sont étroitement liées par la notion de “niveau de raideur” du lit de particules: augmenter
la pression revient 4 diminuer la rigidité des particules, et réciproquement. A faible niveau de raideur,
I'amplitude de respiration diminue notablement, et a haut niveau de raideur, 'amplitude de respiration est
indépendante de ce dernier. D’autre part, 'adhésion et les liens cassants entre les particules sont implémentés
respectivement via les lois de Johnson-Kendall-Roberts et de Potyondy-Cundall. L’adhésion et/ou les liens
cassants se révelent propices a 'apparition d’une irréversibilité de premier cycle : I'irréversibilité est suscep-
tible d’atteindre jusqu’a 70% de 'amplitude de respiration uniquement dii au réarrangement des particules.
Cette observation confirme I'idée que le milieu granulaire est susceptible de contribuer a I'irréversibilité de
premier cycle observée expérimentalement. Enfin, lorsque la friction entre les particules est tres haute et la
rotation de ces derni¢res bloquée, un phénomene de “pilier” apparait: la pression appliquée sur I'électrode
n’est portée que par quelques colonnes de particules.

En parallele, une étude expérimentale menée sur des échantillons macroscopiques a permis d’étudier
Peffet d’une variation de pression durant le cyclage, de la température ainsi que de la pression des premiers
cycles. La variation de pression durant le cyclage affecte I'épaisseur de I'anode, mais s’avere faiblement
influente sur 'amplitude de respiration. Une température de cyclage élevée (61°C) induit une diminution de
Pamplitude de respiration. Elle engendre aussi une perte progressive de capacité plus importante, mais cela
n’explique pas toute I'influence sur 'amplitude de respiration, d’oli un impact suspecté sur la microstructure.
Enfin, la haute pression (3 MPa) durant les premiers cycles se révele étre un levier pour réduire durablement

I'amplitude de respiration de I'anode.



TITL: Meapén ipa igranul méltenk dé-udan ap-xektdd ad-zatari

Aravat fondéstum kapasilt aép-liziom-ion zatari, énstigan dé-silykom mekseka tktli amtef aép-andd
aség zigarat zulusi. Nevagagt, hiut§ volmik négmant ap-dzi’amtef lofd ialoy avték-liziom impikat’elex
edif xuientian. Rinvidat, il volmik négméant krear’ex efendm dé-udan aép-tvasél, esm-rityma aép-zikli
ad-Serage y ad-opSerage. Dzi’xu zonda’lex méltenok skrés nasfatl potégtatli ent-lifpan ¥ ent-génset aép-li
zatari. Karat modele dé-dsi’fgéndon iota magatl’elint korakli deksidum xulm, impart il irivadl négmant
at-tiSek zikli. Dzi'meapdna maostli stimt palsax udenst pirisma dé-miiktun amtef. P{ 1i amtef aép-xektdd
astfaktek’elex igranul ¥ il mikostiruk paséx evolvam dsai-riaglemént dé-atompiz. Imidatl, laite meapdnz
tky vaknondit’ept dzi’diskat stliruk na peresént depteid anlis dé-undperatle ap-kontakt ditvan-els atompize.

1l odietiv ap-dzi’zetis zzen aség denigitam il igranul stiruk denst-modél dé-xektdd ¥ edvalanam il influatl
esd-esdif igranul undperatle ent-il udan.

Konstlik dé-il modél ad-udan esedauz’el dsai-utiligant dé-il DEM (Discrete Element Method), otul dé-
kalakl ad-dyndmik poldgkan ditvan-atompizee. Dogtéienix avték-il open-source espog LIGGGHTS, il
enumetik sdmapl ség kroparix dédl dé-atompizae globant dé-andd ad-¥ 2 um zitines. Els atompiza taim
pako-undperatla dzi’xi silykom/kardon y gérafit’ap, y il 10a aép-kontakt extétilix aség il Hertz-Mindlin 16a.
Iuni, il modél vo-perdiktel umpiltu aép-sveligan tleinir démus avték-il farksion aép-silykom vidén- andd.
Lyges, il perésma zimpermix ent-xektdd yék il rigidat ap’atompizae vo-astimt shlig klosle dsai-il nasion
dé-rank ap-srefnes aép-dédl ad-atompize; d6mantarum il perésma vd-ekomaty’oZ diimantarum il rigidat
aép-atompizz, ¥ térsiokli. Atl-viki rank ap-srefnes, il umpiltu ap-udin vo-diimantar’elex fostfyli, ¥ atl-haiz
rank ap-srefnes, il umpiltu ap-udan aség undesepénd esd-dzi’'laste. Inmidotl, 4deziv y eskasat linke ditvan-
atompiza enefespekli stimt gimpeltix dsai-els 16az Johnson-Kendall-Roberts y Potyondy-Cundall. Adeziv
ylké eskésat linke vo-ytralta’elimt givdne ent-zaprisian dé-irivadlatit ap-funor zikli; il irivadlatit vo-aség
pordspe gamnarum aksta-% 3% dé-umpiltu ap-udan funikli odasm il riagemét aép-atompize. Dzi’operavian
vo-aksokn’elex il idiska il igranul medi aség pordspe komtifutum ent-il irivadlatit ap-iunor zikli axperitli
operavix. Infin, lofks frikto ditvan-atompizze ryli aség haiZ y ratatin aép-dzi’laste nomovax, efneon dé-pilar
vO-zapris’elex; il perésma zimpermix ent-xektdd vo-ség onsdérix dsai-mii-kulona dé-atompize.

Paraleli, axperitl itud fahax ent-makoskoip sdmaple zepnad’eptex itudium efendm dé-vatfian ap-
perésma edulo zikliag, dé-ténpera yék perésma aép-iunor ziklize. I vatiian ap-perésma edulo zikliag vo-
riénta’lex il zitines aép-andd hit vo-ytralta’lex vikli liomtakix ent-umpiltu ap-udan. HaiZ ténpera ap-zikliag
(49°C) vo-zOnda’lex dimantian dé-umpiltu ap-udan. Vo-inptikat'elex mast umptatl progix asfla dé-kapasilt,
hit n tetsil’eloz tida-influatl ent-umpiltu ap-udan, koesm Gnsupsix influalt ent-il mikostdruk. Infin, il haiz
perésma (3 MPa) edulo funor ziklie vo-ytralta’elex astum solver pak-reduxum durlali il umpiltu ap-udan

ad-andd.






Fictional prelude

Once upon a time, in a beautiful land full of wild spirit, a little village where only gentle people lived for a
very long time. The life was peaceful, cadenced by the days and nights of a wonderful climate, soothed by a
generous Nature, embellished by a lush bordering forest and, often, visited by animals eager to ferret around.

The people there were happy, every day, every hour, without even realizing how much happy they were.
All along their life, they were working in the fields, farms and ranches near the village. Some collected what
the forest generously offered in reasonable quantities, such as wood and mushrooms, others worked in little
ateliers of clothes, forge, tool crafting or cooking, and finally some worked to clean and gather all rubbish from
this beautiful community, to transform and make it enter a new cycle of use, for everyone.

All seemed perfect, and nobody remembered asking themselves how it was possible to be so perfect.

Until one day. A day as any other one.

Silyo and Greta, two souls sisters and brothers at the same time, living in a humble cottage two cables’
length away from the village, wake up one morning with the exact same question. In fact, it was usual: they
were famous, in all the small town, to be so mind-fusional that they always gave the impression, at any time,
that only one person was thinking and speaking rather than two. It was such that nobody remembered, even
less imagined, if it was possible to see one without the other.

This day, Silyo and Greta were astonished by their own question. They thought about this question all the
day, when working at the apple orchard. When the sunset came, they decided to propose this question to a
wise human conscience of this adorable little hamlet. This wise human was called Lizilius, and lived not in the
most apart and lost house, but in the strangest, built of thousands of fallen deer horns gathered during over six
hundred years.

Pleased to welcome someone, Lizilius warmly received Silyo and Greta and invited them near the fireplace,
while preparing cups of hot chartreux chocolate served with fresh sticks of liquorice. After she asked her guests
for the reason of their venue, the fraternal couple immediately answered by proposing their question to the wise
conscience. Markedly interested, Lizilius took the time to ponder, quietly, slowly, while playing to smooth a
swan feather.

She finally whispered, lost in her thoughts.

— I did not remember having asked myself this kind of question for a long time, dear. ..

Her guests looked one each other and asked, confused.

— Never?

— No, no, of course not never. But it recalls me an old past.

— Which past? When was it?
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— Oh... A long time ago. I can not exactly remember the time, when I still was at the BigOwn. In fact, it
was in winter and this detail is the exact detail we need to know.

— Winter? Why is it important?

— This season was particularly. . .tenacious, at the time, if I may express that way. The cold entered
everywhere, by each interstice of the wall, by each crack of the window, at any time we dared to half-open any
door, as little as it could be. At the time, we did not have any culture of biolumins for lightning and our machines
where much impressive than current days. In most honesty, our machines were. . . ludicrously impressive. But
this is another question. The fact remains that these machines were tremendous electro-guzzlers, more and
more every day. And in the same time, their batteries did not like the cold. Not at all.

She briefly thought for a moment, a smile drawn on her lips.

— Until batteries burnt, actually. It was a way to heat, in this case, but.. . better should not.

— Burnt? surprisingly said Silyo and Greta.

— Indeed. These little chemical wonders were quite delicate, sometimes. And for hundreds of possible
reasons, they could literally swell, until burning. Hoping they were not in your hand or under your seat. ..

She left the swan feather close to her, on a small bedside table, and completed her words.

— To come back to your question, it makes me think about one I had at this time, concerning these bat-
teries that were strangely behaving over time, dependently on the constraints or the temperature they were
submitted to. It was practically impossible to notice this strange behaviour with naked eyes, but the issue was
here. . . waiting to be solved.

— And what was the issue? What was happening in the non-visible world?

— In a simple and poetic word? Breathing. These batteries were purely and solely breathing.

Both sisters souls briefly looked through a window, deeply thinking.

— Breathing? But how did they work? they wondered.

— Not breathing in the signification you have in your mind, dear. It was more a succession of swelling and
shrinking. When the battery was charging, its volume was increasing, it swelled. And when it was discharging,
it was the reverse, it shrunk.

— And you did not know why? This was the mystery?

— No, of course. Or rather yes, but not totally. We knew why the material that composed it breathed. Quite
well, actually. But what we did not understand was. .. why once used in the battery, it did not breathe the way
we expected.

Both brothers souls imagined, for a few seconds, billions of different ideas. Lizilius smiled, her teaching
mind fed by their captivated faces.

— Do you want to know why?

Silyo and Greta’s eyes suddenly lighted up.

— Of course!

— Magnificent. Thus, let me refill you cups. ..

She took the time to delicately serve her guests, and preventively warn them.

— It belongs to my rightfulness, through a pure intellectual honesty, to notify as of now that I do not have

the answer. But. ..
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She comfortably seats on her couch and let a long breathing out go.

— I am sure that my story will give you the keys to understand why the answer is so hardly findable.

Her guests could not wait any longer, all their attention on Lizilius. The old conscience threw herself within
the story, remembering her past.

— Starting from the core, what is a battery? ...
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Conventions

A detailed nomenclature is available page 191 for acronyms, variable notations and formulce.

Volumes partition

In general way, a porous body volume is defined through the following volume partition:
Voody = Vyoid + Vsolid

In the case ot the electrode simulated through geometrical particles (whatever the particles shapes), the

volume is divided into the following volume partition:

Velectrode = Vyoid + Vsolid

= Vyoid + Vparticles - Voverlaps

When Viyerlaps € Vparticless We have Violia =~ Vparticles- In scheme, Vejectrode cOrresponds to the full rectangle,
Vioid to the white area, Vparicles t0 the sum of hashed area, Voyerlaps to the coloured areas and Vg to the area

bordered with light line.

Velectrode ----- IS R Vvoid

%

N

Voverlap

16
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Dates

All years expressed in the Gregorian calendar.

Stress / Strain

The studied application is in compression only. Thus, even if a pressure of compression is generally expressed
with negative values, positive values are used here to represent the compressive stress and strain values. Con-
sequently, in this manuscript, a positive value of pressure/stress represents a compression pressure. Similarly, a

positive value of strain represents a volume reduction.

Thickness

The thickness is generally expressed in terms of thickness change, and not absolute thickness. When thickness
of a component is displayed with a zero value at the origin of a graph, it means it corresponds to a thickness

variation.

Uncertainty

The uncertainty used to evaluate data dispersion is based on usual mean/standard deviation formule. A dis-

persed variable y is then expressed through two components:
y=y+uly)

Where 1 represents the mean value and U(y) the absolute standard deviation of the variable y:

( ~ 1 I\[stat
YT N 57

< 1 I\Istal 7
) = Nle (v7~-9)

Another writing of standard deviation exists relatively to the mean value:

y=y(1£uay))

Where: A( )
lfr; = —=
1(y) 7

The mean/standard deviation propagation through calculation is approximated by:

— V1% Y2 =1 %
addition/ | YV1TV2=W1 £y multiplication /

. R -~ 2 ~ 2
subtraction fi(y 1) = \/m division Gy % 12) = ymZ\/<u%1)> n (u(]A/Z)>







Introduction

Global context

Nowadays, because of its widespread use in electronic devices and electric vehicles, the lithium-ion battery,
remains one of the most known technological solution of energy storage. First marketed in 1991 by Sony
Energitech, lithium-ion battery is now a leading technological solution. The development of this technology
even lead some of its developers, Stanley Whittingham, John B. Goodenough and Akira Yoshino, to the 2019
Nobel Prize of Chemistry [1], especially about the study of ion intercalation phenomenon.

Since, compared to the other battery technologies such as Lead-acid, Nickel-Cadmium (NiCd) or Nickel-
metal hydride (NiMH), the advantages offered by lithium-ion battery has been predominant, with a great en-
ergetic density, good longevity (life cycles), good charging/discharging efficiency, low maintenance required,
very low of memory effect, low auto discharge phenomenon and noticeable power [2]-[4]. Nevertheless, it does
have its disadvantages, like the risks of heating or even fire provoked by an internal short-circuit [5] and still
presents many issues in terms of stability, charging, thermal management, recycling and safety [6]. In addition,
this technology consumes unevenly distributed and critical materials across the world, such as lithium, copper
or cobalt. Even rare-earths metals, that are ironically not rare, are subject to China’s quasi-monopoly, which
can imply geopolitical and commercial conflicts [7]-[9].

Speaking of the general overview of the current issue with energy, it is now clear that the energy present
a key role in the global warming. The sixth report of the IPCC (International Panel on Climate Change) [9],
[10] emphasizes a global reduction of use of fossil energies responsible for 86% of worldwide CO; emissions.
In this global change, the electrification reveals a major place, where the batteries have a role to play not as a
key solution but as part of a global diversification of technologies. Indeed, Fig. 1 reveals the main and most
opportunities proposed by the sixth report of IPCC to scale up climate action. Solar and wind reveal to be at the
top, as in terms of cost as in efficient greenhouse gas reduction. Of course, this intermittent sources of energy
are closely linked with energy storage technologies. However, the current stage of battery as energy storage

enables a high viability in terms of costs, as the report specifies:

«

Electricity from photovoltaic and wind is now cheaper than electricity from fossil sources in many
regions, electric vehicles are increasingly competitive with internal combustion engines, and large-
scale battery storage on electricity grids is increasingly viable.

» — Sixth report of IPCC (2023) [10]
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Figure 1: Mitigation opportunities for scaling up climate action, in terms of greenhouse gas reduction and
cost. Extracted from sixth report of IPCC (2023) [10], Figure SPM.7 .
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In addition, considering a strategy of non-single technology resolution in the great energy debate, the issues

of the lithium-ion battery also concern the electric vehicles, the field in which this technology is particularly

considered as a storage solution. This is why when we talk about the lithium-ion battery issues, we generally

talk about its exploitation for electric vehicles, in which the disadvantages are particularly revealed (autonomy,

security, financial and environmental cost, etc.).

As an obvious way in this period of Ecological Transition, the main issue tackled by the transition to electric

vehicles are the greenhouse gas emissions. In this sense, in the report of the E4T Project of the ADEME, Le Berr
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etal. (2018) [11] estimate the most relevant evolutions of electric vehicles by the year 2030, in order to minimize
the environmental impact. Of course, this study also takes into account the actual vehicles manufacturing, one
of the most polluting life part of the electric vehicles. The conclusions are particularly interesting, and non-
necessarily intuitive. For example, the use of full electric or hybrid buses for collective transport is strongly
efficient in terms of greenhouse gas emission reduction. However, the Plug-in Hybrid Electric Vehicle shows to
be more effective compared to the Batteries Electric Vehicles, thanks to the sizing of the batteries more adapted
for a daily use. Finally, long distant goods transports still favour the diesel or natural gas engines, mainly
because of financial reasons but also because of thermal engine that competes with the electrical technology
(due to the high energetic density of the petrol).

In their report, dealing with the place of electric vehicles in the automobile market for the next decade, Juton
& Le Berr (2020) [7] estimate the place of electric vehicles (hybrid systems included) in car market of 5.3%,
with a total of 5 million electric vehicle on the road globally, which represent 0.5% of the total light vehicles
(2020 figures). Even if these vehicles are still marginal, the cost reduction, the public power, the governmental
investments and the attractive concurrence gradually introduced by Tesla lead to a global strategic reorientation
of car manufacturers to the electrification of their vehicles. In French market, electric vehicles represented
15.1% of the total sales in 2020, and Juton & Le Berr estimate they will reach 79.8% by 2035. Moreover,
China today remains the market leader with more than 2 million electric vehicles, twice as much as in Europe
or United-States. In the same way, Hache et al. (2018) [12] evaluates the evolution of lithium resource under
the constraints engendered by the electric automotive development. They suggest the global stock can reach
between 60 and 200 million electric vehicles by 2030, depending on the political scenario, with a required
production of lithium comprised between 1,000 and 1,700 kilotons (5 kgLi/vehicle hypothesis). Furthermore,
with a aim of enriching the energy mix of renewable energies and its storage devices, the idea of exploiting
electric vehicles as mobile storage batteries is gradually considered [2], [13].

In any case, because the challenges of the electric vehicles development are closely related to the lithium-ion
batteries’ ones, the overview of the required improvement can be based on the introducing list of major electric
vehicles points of Sauvant-Moynot et al. (2020) [14]: cost, safety, specific energy, specific power, charging
speed and life cycles.

In this context, this thesis aims to address mechanical behaviours of the lithium-ion battery that can generate

safety issues and accelerated aging.

Basics on the battery

Before entering any discussion about the battery, it is noteworthy to clearly state and define what is a “battery”,
the technology at the core of this manuscript. A precise way to designate what we will call “battery” all
along this manuscript would be an “reversible electrochemical accumulator”, by excluding the category
of “flow batteries”. By definition, an “accumulator” is an energy storage device (whatever the form of the
energy: mechanical, thermal, chemical, electrical, etc.) and an “electrochemical” reaction refers to reciprocal
transformation between electrical energy (electric charges movement) and chemical energy (potential stored by

substances provided or captured during a transformation to another substance). The “reversible” term presents
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one of the core interests of this manuscript. Indeed, through divergences of use, the term “battery” designates
an electrochemical accumulator that is reversible or not. The term “battery” can also designate an assembly of
batteries. In the latter case, some will prefer to talk about a “cell battery”. As a French speaker, the confusion
is all the more important concerning the real definitions, due to the French terms “batterie” that designates
only an assembly, “pile” an irreversible battery and “pile rechargeable” a reversible battery, sometimes called
“accumulateur”. . . Hence, stating a clear definition is obviously necessary.

In this manuscript, the term “battery” designates a unique electrochemical accumulator able to effec-
tuate the conversion between chemical energy and electrical energy, possibly in both directions but non-
simultaneously. The definition of this manuscript also excludes the “flow battery” that is based on the liquid
flow of electrolyte solution.

To better understand the composition of a battery, an interesting axis is to look at its past. Many pioneer
inventors introduced systems of “capacitors banks” generally based on assemblies of jars. Ewald Jiirgen von
Kleist introduced the “Leyden jar” in 1745, a precursor form of the condenser [15], closely followed by Johann
Heinrich Winkler, Daniel Gralath but also Benjamin Franklin with only one year apart each (1746, 1747 and
1748 respectively). Even if he did not invent it, the latter one, Benjamin Franklin, is known to be the first to use
the term “electrical battery” [16]. Some precursor forms of the battery were even older. The oldest discussed
remnant of battery is the “Baghdad battery”, a 2000-year-old ceramic pot discovered in 1936 in Khu jut Rabu,
a village closed to the Iraqi capital Baghdad [17]. Even if it contained the major components of a battery and
was capable of producing voltages from 0.8 to nearly 2 V, its real use as a battery is still discussed today [18],
and its remains were unfortunately lost during the Iraq war in 2003 [19].

However, the current history often presents another actor at the origin of the battery. In 20" of March 1800,
as a key date in battery history, Alessandro Giuseppe Antonio Anastasio Volta sent a letter to the Rt. Hon. Sir
Joseph Banks of the Royal Society, presenting his new invention based on the work of his predecessors [20],

[21] (translated from French):

«

The apparatus to which I allude, and which will, no doubt, astonish you, is only the assemblage of
a number of good conductors of different kinds arranged in a certain manner. Thirty, forty, sixty, or
more pieces of copper, or rather silver, applied each to a piece of tin, or zinc, which is much better,
and as many layer of water, or any other liquid which may be a better conductor, such as salt water,
detergent, &c. or pieces of cardboard, skin, &c. well soaked in these liquids; such layer interposed
between every pair or combination of two different metals in an alternate series, and always in the
same order of these three kinds of conductors, are all that is necessary for constituting my new
instrument, which, as I have said, imitates the effects of the Leyden jar, or of electric batteries.

» — Volta (1800) [21]

Volta consequently presented an astonishingly simple assembly that has remained the fundamental structure
of a battery for centuries, until nowadays. Indeed, where Volta describes “pieces of copper, or rather silver”,
we currently talk about a “positive electrode”; where he describes “a piece of tin, or zinc”, we think about a
“negative electrode”’; and when he describes “pieces of cardboard, skin, &c. well soaked in these liquids” (salt

water, detergent, etc.), we guess in this description a separator soaked with electrolyte.
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Consequently, we are meeting here three main components:

> The cathode
> The anode

> The separator

An important detail to have in mind is the shapes of these components. It is easy to imagine three major
blocks aligned and connected, forming the shape of the battery. In fact, each of these components is a thin layer
alternatively organised with others and rolled into different ways, generally in cylindrical shape or “pouch”
(flat) shape. Moreover, in the today’s batteries, the cathode and the anode are thin layers of mixed “active
material” and other additives coated on one current collector layer each. By “active material”, we talk about
material that stores or release the energy. Generally, the collector is in aluminium for the cathode and in
copper for the anode. As an illustration, Fig. 2 presents a schematic view of a cylindrical battery: cathode
(+ aluminium collector), anode (+ copper collector) and separator are layers rolled along the cylindrical axis.
As a first order of magnitude, their thicknesses are several tens of micrometers. Both anode and cathode are
separated by a separator and each one is connected to a different terminal via its respective collector. To obtain
such a structure, the battery needs several manufacturing steps, as schemed in Fig. 3 for only one layer. Initially
as the form of dried powders, the cathode or anode materials are mixed with solvents. It forms a liquid slurry,
also called “ink”, coated on the collector (3.®). The resulting wet layer is dried through a heating process in
an oven (3.@) and then calendered under a roll to compact the material 3.®. All the different layers are then
rolled, the battery assembled and filled with the electrolyte that impregnates the layers (3.@), giving the final
battery in its protective can (3.®).

Since its introduction in 1800 by Volta, the fundamental structure of the battery remained the same, though
it knew many improvements. These improvements where mainly brought through the use of new materials for
its compounds. In particular, when we talk about the ions travelling across the separator, the nature of these
ions depends on the material the battery is made of. In this thesis, the type of battery addressed is the one

already introduced above: the “lithium-ion battery”, also called “Li-ion battery” (or “LIB”).

Terminal

Cathode
(+ Aluminium collector)

Cylindrical can ---

Separator

Anode
(+ Copper collector)

Figure 2: 3D scheme of cylindrical battery. Cathode (+ aluminium collector), anode (+ copper collector) and
separator are thin layers rolled within a container. Cathode and anode are connected to different terminals
(only one shown here) via the collectors.
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Figure 3: Scheme of battery manufacturing process (only one layer displayed, cathode or anode) — ®): The
cathode or anode powder is mixed with solvents in a slurry and coated on the collector. @) The wet layer
is dried through a heating process in an oven. ®) The dried layer is calendered under a roll to compact
the material. ®) The different layers are rolled, the battery assembled and filled with the electrolyte that
impregnates the layers. ®) The final battery is contained in its protective can (cylindrical here).

Concerning its intrinsic functioning, a Li-ion battery has no any other objective than creating a flux of
electrons within an electrical circuit, as schemed in Fig. 4. This flux of electrons is made through the connection
of parallel “redox reactions”, one reaction of “reduction” that receives electrons and another one of “oxidation”
that releases electrons. The current goes in and out through two terminals (half-transparent rectangles in Fig. 4).
Each one of these terminals is then connected to an electrode through a current collector, “electrode” being
the generic name of cathode or anode. Hence, to distinguish if an electrode is a cathode or an anode, we have
to look at the electrochemical reaction that occurs at its surface. By definition, the “cathode” (left electrodes
in Fig. 4) is an electrode where the reaction of reduction occurs and an “anode” (right electrodes in Fig. 4)
where the reaction of oxidation occurs. Rigorously, the names of both electrodes would have to interchange
depending on the use of the battery (charge or discharge), but for the sake of naming convention, the action of
reference is the discharge. As a direct consequence, during the discharge, the anode releases the electrons and
the cathode receives them. Thus, the anode is the “negative” electrode and the cathode the “positive” electrode.
In more simple terms, the anode is the electrode that stores the electrons for a future practical use. Of course,
this connection through the terminals is not enough for the parallel redox reactions. When electrons are released
by the reduction reaction, some ions are also released, their nature depending on the battery type (lithium ions
in the case of Li-ion battery). Rather than going through the circuit, they cross the third main component,
the microporous “separator”, impermeable to electrons but not to ions (central rounded rectangles in Fig. 4).
Consequently, the charge and discharge process creates a displacement of atoms within the battery, alternating
between cathode and anode. More particularly, when ions travels across the separator, from an electrode to
another, it is stored within the destination electrode. In proper terms, the storing of lithium within an electrode

is called “lithiation”, and the reverse phenomenon “delithiation”.

The lithiation and delithiation phenomena, obviously, make necessary the travelling of ions through the
electrode material, which imposes a certain microstructure. When we talk about the electrode material, we do

not talk about a perfect monocrystalline material composed of one layer, but a material composed of multiple
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Figure 4: Basic functional scheme of a battery. During charge (a), lithium ions transfer from cathode to
anode through the separator (central rounded rectangles), whereas electrons goes through the electrical circuit.
During discharge (b), the reverse occurs.

particles and aggregates. To illustrate this, the anode cross-section in Fig. 5a, extracted from Lory et al. (2020)
[22], reveals the anode as an assembly of complex-shaped particles and flakes packed on a unique layer. The
light grey particles are made of silicon-carbon composite and the dark grey particles are made of graphite. The
black and white parts represents the inter-particles cavities. Moreover, Fig. 5b schemes the different compo-
nents of this microstructure. The particles that store or release the ions are, as introduced above, the “active
material” (AM) particles. In the surrounding cavities, some material called “carbon-binder domain” (CBD)
particles are composed of additives that ensure the cohesion of active material particles and their conductivity.
The material used to glue the active material particles is called “binder”. The extra void volume (also called
“pore volume”), filled with electrolyte, is essential to ensure the diffusion of lithium ions within the electrode,
so that they can reach all the particles of the layer. When the electrode material is charged, the lithium ions en-
ter the electrode, travel through the pore volume until lithiating an active material particle. When the electrode
material is discharged, the reverse occurs.

In direct consequence of this basic fundamental functioning, the exchange of ions between cathode and
anode during charge or discharge is an exchange of mass. If the battery does not leak, we may think about the
conservation of the mass: the mass of lithium within the battery always remains the same. However, we must
strictly distinguish the mass from another physical quantity: the volume. As we can imagine, the exchange of
ions imposes a restructuring of electrodes inner materials. This aspect is fundamental for the development of
this thesis.

The mass is conserved, but not necessarily the volume.

To enter the subject with a playful metaphor, let us consider the travelling ions as clothes, and each electrode
material as a people owing a bag to store the clothes. Let consider that the absolute mass of the clothes does
not change. Now, let imagine that the first person is particularly fastidious and always take the time to fold any

piece of clothing to optimize the volume it takes, and the second person is, at the opposite, especially messy
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(b) ® CBD particles
—— Li" path in porosity
---------- > Li* path within AM

Figure S: lllustration of granular structure of electrode material — a) Cross-section of a pristine anode com-
posed of silicon-carbon composite (light grey particles) and graphite (dark grey particles). Observed by scan-
ning electron microscopy. Extracted from Lory et al. (2020) [22], Figure 1 ¢. b) Scheme of electrode material
microstructure (lithiation). It is mainly composed of active material (AM) particles glued together by carbon-
binder domain (CBD) particles. The CBD particles (simplified as spheres for readability) are composed of
binder and conductive additives that ensure the electrical conductivity between particles. Lithium ions travels
in the electrolyte that fills the pore cavities (path as thick solid arrows) and lithiate the AM particles (path as
thin dashed arrows) on all the electrode layer. The reverse paths occur for delithiation.

% © Journal of The Electrochemical Society. Reproduced under charge-free nature of reuse. IOP Publishing Ltd, all rights reserved.

and always tidy the clothes by rolling and throwing them in the bag. As you can imagine, if the first person
gives to the second one all the content of his or her bag, the final volume of both bags will be higher than at the
beginning, even if the mass of clothes did not change. With this image in mind, this is the same for materials:
during an alloy with lithium, the atomic reorganisation changes from a material to another. Then, any battery
presents two electrodes composed of materials necessarily different to ensure an electrochemical potential, and
these electrodes exchange ions. As a direct consequence, it is most likely that the volume variation of these
materials does not compensate each other, because when one increase, the other does not necessarily decrease

in the exact opposite way. In other words, the total battery volume variation is most likely to vary during the
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charge or the discharge. Both charge/discharge phases will present opposite behaviours: if the volume increases
during charge, it decreases during discharge, and vice versa. With other terms, the battery can alternately swell
and shrink.

The term “swelling” is a commonly used term in literature to describe this phenomenon. However, this
term seems incomplete because it forgets the half of this phenomenon. In this optic, to include both swelling
and shrinking behaviours, Olivier Gillia, the PhD advisor of this thesis, proposed to call it “breathing”, as he
used this term when studying the breathing of metal hydrides [23].

Overview of thesis aim and structure

An internal breathing of the electrode placed in its rigid container can generate more or less important variation
of pressure. On one hand, this variation of pressure may constitute a safety issue. Indeed, any crack of the
container could imply the contact of lithium with humidity, which is known to create a highly exothermic
reaction. On the other hand, the internal pressure variation can generate accelerated fractures of active material
microstructure, and then an accelerated diminution of conductivity and/or capacity. As it is further detailed in
bibliography (see Chapter 1), one of the current challenge is to better understand the breathing behaviour of the
battery electrode. The final goal of such a knowledge will be the design of electrode material that mechanically
absorb its own breathing. The term “mechanically” is important, because this thesis focuses on the mechanics
of the breathing. More particularly, it considers the active material as a granular structure. Thus, the main
objective of this thesis is to understand the role of the granular structure in the breathing behaviour. The main
strategy is a progressive analysis of the granular parameters likely to influence the breathing, in order to detect
which parameters can be possible levers to influence the breathing during material design. Chapter 1 details
the state-of-the-art about battery breathing studies, in order to detail why this thesis objective has been stated.
It also introduces the DEM (Discrete Element Method), the main simulation tool used in this thesis. Chapter 2
details the discrete model of electrode used in this thesis, and Chapter 3 presents the associated results, through
a succession of sensitivity analyses. Chapter 4 presents a series of experimental measurements to complete
the breathing knowledge, more precisely about the influence of temperature and pressure. Finally, Chapter 5
presents a comparison between discrete model and experimental results in order to define the eventual axis of

modelling accuracy improvement.






Chapter 1
Bibliography

1.1 Review of studied technology

1.1.1 Li-ion battery current challenges
1.1.1.a State-of-the-art of Li-ion battery

The current standard needs in terms of power and energy require an important optimisation, as for the voltage
and current it has to provide as for the capacity weight or volume density. However, many phenomena occur
within a battery, and some are responsible for gradual internal damaging [2], [5], [24]-[26]. For example,
the breathing of the material creates compressive stress within the material, engendering fractures of inner-
particles and then loss of conductivity. Moreover, the Solid Electrolyte Interphase (SEI), i.e. an accumulation
of decomposition product at the interface with electrolyte and electrode material, implies lithium loss or limited
diffusivity of ions, reducing capacity and increasing current resistance [26].

The description of the electrochemical failure mechanisms is complex and not the subject of this thesis.
However, the improvement of Li-ion battery is twined with the understanding of these failure mechanisms that
create capacity loss, short lifespan and even safety issues [4], [25], [27]. Moreover, it is known that an intrinsic
correlation exists between mechanics and electrochemistry [26], [27], starting with the existence of internal
volume changes that engender hardly predictable pressure changes and material fractures.

Nowadays, a highly regarded solution to improve battery capacities is adding silicon in the anode mate-
rial. Most batteries anode are composed of graphite, a cheap and common material that reveals a capacity of
372 mAh/g [4], [25], [28]-[30]. The use of silicon is attractive because of its high energy density of around
4,200 mAh/g [29], [31]-[34], with a more realistic and practical value at room temperature of around 3,580
mAh/g [4], [28], [29], [35], [36]. As an important solution for capacity improvement, silicon could help in
improving today’s energy densities mainly based on graphite material, from 160~260 Wh/kg / 450~730 Wh/L
to 275~320 Wh/kg / 750~900 Wh/L by 2030 (electrode level, more detailed figures are given in Table 1.1) [4].
This solution is rooted in the liquid-electrolyte-based lithium-ion batteries generation, whereas other solutions
are seriously considered today such as solid-state lithium batteries and non-lithium based batteries (mainly
sodium), even if many challenges remain [26], [37]-[39]. In this context, the current battery technology re-

quires further development of classical liquid-electrolyte-based solution.

29
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2020 2030 2050 2020 2030 2050

Gravimetric energy density (Wh/kg) : Volumetric energy density (Wh/L)

Pack level 90~180  190~230 >250 ! Packlevel 250~400 450~550 >600

Celllevel 160~260 275~320 >350 ! Celllevel 450~730 750~900  >1000

Table 1.1: Orders of magnitude of lithium-ion battery energy densities (gravimetric and volumetric, pack level
and cell level). Compiled values for 2020 and estimated values for 2030 and 2050. Data extracted from Armand
etal (2020) [4], Table 3.

More centred to the current work, this thesis is located at the continuation of a previous thesis, by Delphine
Vidal (2021) [40]. With a mainly experimental approach, Delphine Vidal’s work addressed the impact of
mechanical stress on performances and cyclability of a lithium cell containing silicon. By joining macroscopic
measurement of lithium cell thickness and X-ray microtomography, Delphine Vidal’s work provided a rich
understanding on the way batteries containing silicon behave, in terms of structure change during charge and
discharge cycles. This predecessor thesis often referred to “particles rearrangement” in order to explain some
phenomena of irreversibility. Nevertheless, her approach did not enable her to clarify this aspect. As a result,
the current thesis aims to establish the continuity of these questions of “particles rearrangement”. The main

objective of the thesis is discussed in Section 1.1.2.a.

1.1.1.b  Key technological issue

Silicon presents a major drawback: during lithiation, the atomic reorganisation leads to a drastic macroscopic
volume change. Using atomic force microscopy, Beaulieu et al. (2003) [41], [42] studied silicon lithiation
until the maximum crystallographic stage, revealing an approximate volume change of 310% (4.1 times the
delithiated material volume). The resulting volume variation is displayed in Fig. 1.1, where two particular
scans reveal a silicon sample thickness varying from around 240 nm to 850 nm. In practice, the swelled stage at
310% is never reached and the battery context conditions (in temperature, pressure, etc.) limits the macroscopic
volume change to around 280%. By comparison, the graphite present a maximum of 10% volume change [30],
[35], [43], [44]. Inevitably, this mechanical behaviour is undesirable when it comes to ensure safe and long-life
batteries and directly linked to the questionings about inner failure mechanisms of battery. For this reason,
many researches aimed to understand the breathing of electrode containing silicon, in order to find how to

control it from a manufacturing perspective.

— As a brief parenthesis, silicon is never introduced directly as a raw material within the graphite anode
and always encapsulated in a composite, because of a strong reactivity with usual electrolytes. Several com-
posite types exist, but the most commonly used are the oxygen-based (SiOy) or carbon-based (Si/C) composite,
the latter being the one used in this thesis. For a better clarity, because these materials are often introduced in
this manuscript, it is proposed to note “Si/C” or “CSi” for silicon-carbon composite and “Gr” for graphite. In

order to avoid any confusion with silicon carbide, the designation “SiC” is avoided in this manuscript. —
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Figure 1.1: Measurement of amorphous silicon structure change during lithiation/delithiation — a) Patterned
silicon sample observed with in-situ atomic force microscopy (AFM). b) Volume of silicon tower shown as a
function of AFM scan number. Adapted from Beaulieu et al. (2003) [42], Figure 9 & 10 “.
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1.1.1.c Review of experimental studies on electrode breathing

The electrode breathing is already addressed in literature and many approaches are experimental. In this sense,
Table 1.2 lists the experimental approaches that explain the breathing behaviour, detailing the techniques used
(with the associated scale: particles or electrode), the studied parameter susceptible to impact the breathing and
noticeable conclusions directly or indirectly linked to the breathing. The present section enters in details of
these references, before developing a more general analysis of experimental approaches.

Li et al. (2017) [45] made in situ swelling measurement of NMC-Si/C—Gr electrodes using scanning elec-
tron microscopy, revealing a final amount of swelling at the end of life of around 56%. More singular, Wen
et al. (2017) [46] carried out an in operando measurement of the volume change using Archimedes effects by
recording the change of buoyancy of a cell plunged in water. They demonstrated that the binder type had a no-
ticeable impact on swelling (eventual reduction of around 30%), but the very low amount of volume expansion
(~1%) is as debatable as the fact they do not clearly define the volume change ratio.

Closer to the methods used in this thesis, Miiller et al. (2019) [47] used a spring-based press device to mea-
sure the thickness evolution at controlled pressure, through three regimes of compression: “uncompressed”,
“flexible” (constant pressure and variable thickness) and “fixed” (variable pressure and constant thickness).
Their development misses an important definition about the “fixed” compression, where the pressure necessar-

ily varies over time. They associate a value of pressure to this compression, by stating it as “average pressure”,
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M i . .
Reference easur§ment .Studle.d paramet'er Noticeable conclusion(s)
technique impacting breathing
Li et al. Scanning End-of-life thickness change: 56% of initial
electron -

(2017) [45]

Wen et al.
(2017) [46]

Miiller et al.
(2019) [47]

Zhao et al.
(2017) [48]

Petz et al.
(2021) [49]

Yao et al.
(2019) [50]

Berhaut et al.

(2019) [51]

Vidal et al.
(2021) [40],
[52]

von Kessel
et al.

(2023) [53]

microscopy *

Byouancy
change of cell
in water

Spring-based
press

Surface laser
scan

X-ray
tomography *

X-ray
diffraction *

Synchrotron
X-ray *

Step-motor-
based press

Air-pressure-
based press

Binder type

Pressure regime
during cycling

Adhesive contaminant

Current tab position

Lithiation distribution
between Si and Gr

C-rate

Pressure during
cycling

Pressure during
cycling

thickness.

Reduction of 30% of volume change by
using the right type.

High pressure (0.84 MPa) with variable
thickness: microstructure porosity erased.
Low average pressure (0.08 MPa) with
constant thickness: microstructure similar to
uncompressed cell.

Generates local change of breathing
behaviour
(swelling during discharge)

When placed within the roll, generates
inhomogeneous lithiation
(eventually breathing)

Its variability along charge/discharge
explains the breathing shape of Si/Gr anode

Charge: limited impact.
Discharge: limits the internal lithium
exchange between Si and Gr (eventual
impact on breathing shape)

Reduces breathing amplitude and porosity

Reduces breathing amplitude

Table 1.2: Review of experimental studies of electrode breathing. The technique used can be either at particles
scale (noted with an asterisk “*”) or at electrode scale (by default, without asterisk). This summary focuses on
the studied parameters with eventual influence on breathing and/or microstructure.
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without defining what the average is based on (spatial on cell surface? Temporal on all the cycles? Statistical on
several samples?). It is supposed that the average is temporal on the whole cycle. When it comes to their results,
Fig. 1.2 presents three scans of post-cycled Si/C anodes submitted to these three regimes. They reveal a clear
influence on anode microstructure, especially for flexible compression at high pressure that almost erased the
particle structure. Strangely enough, the anode at fixed compression reached a microstructure similar to uncom-
pressed anode, despite the increasing pressure during cycling. Some inhomogeneities in pressure distribution
on the surface of the cell compressed at fixed pressure were also revealed, likely to influence the capacity loss
according to the authors. Through their work, Miiller et al. (2019) [47] found optimum configurations to obtain
the lowest capacity fading with an average pressure (0.08 MPa) for constant-thickness and middle pressure
(0.42 MPa) for constant pressure.

As a complementary approach about lithiation inhomogeneities, Zhao et al. (2019) [48] focused on the
heterogeneity of swelling using a laser-scanning device on the surface of the cell. As displayed in Fig. 1.3a,

the cell presented some swelling spots on the surface that strangely appeared during the discharge (when the

Uncompressed
cycled

c

e P ———

59.4 pm

0.42 MPa fixed
cycled

Figure 1.2: Cross-sections in two different magnifications of the Si/C anodes harvested from cells cycled,
observed with scanning electron microscopy — a) Uncompressed cell. b) Cell under 0.84 MPa “flexible com-
pression” (constant pressure and variable thickness). c¢) Cell under 0.42 MPa “fixed compression” (variable
pressure and constant thickness). The pressure is given as an “average value”, but the “average” definition is
missing in referenced paper. Extracted from Miiller et al. (2019) [47], Figure 4 “.

% © Journal of The Electrochemical Society. Open access.
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cell is expected to shrink, not to swell). They correlated this swelling spots with the presence of adhesive-
like contaminant (certainly from glue used in the cell manufacturing). Hence, this result demonstrates how a
layer with different adhesive properties can present diverging swelling behaviour. In a comparable objective,
Petz et al. (2021) [49] used X-ray micro-computed tomography to measure the inner-heterogeneity swelling
of 34 18650-type (cylindrical) cells. They showed that the current tabs (conductive tabs connecting current
collectors to terminals) can have an impact on lithiation only through the position they have within the cell. As
en example, Fig. 1.3b draws four samples, where left sample had a tab inside the roll radius and right samples
had tabs on rolls centre and border. The lithiation is clearly impacted, through a characteristic “half-moon” of
lower lithiation present around the tab within the roll radius (left samples), whereas the tabs placed in centre
and borders (right samples) generated a more homogeneous lithiation. It was also shown that the tabs within

the roll radius presented better performances in terms of C-rate (speed of charge/discharge referenced to the

cell capacity), so a compromise between performance and cell ageing emerges from this study. The authors did
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Figure 1.3: Measurements of breathing/lithiation heterogeneities — a) Normalized cell thickness distribution
change during the 1C discharge (top view). Adapted from Zhao et al. (2019) [48], Figure 2 “. b) Lithium
concentration in graphite anode of different 18650-type cells (top views), observed X-ray diffraction. Adapted
from Petz et al. (2021) [49], Figure 2 °.

% © Journal of The Electrochemical Society. Open access.
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not discuss the electrodes breathing itself, or even the variation of stress within the cell, but this inhomogeneity
of lithiation is certainly another source of breathing inhomogeneity, comparable to the observations of Zhao
et al. (2019) [48].

As a way to detect optimal cell use, using an operando energy dispersive X-ray diffraction, Yao et al. (2019)
[50] studied the evolution of lithiation distribution in Si/C and Gr during charge and discharge, in order to
catch the best cycling windows. As an illustration, Fig. 1.4 plots both component capacity and potential (VS
lithium) of graphite and silicon during lithiation (left half part) and delithiation (right half part). Concern-
ing the lithiation, the lithium storage was silicon-only during the 1—0.2V range (1.4.®) and around 60%sili-
con/40%graphite during the 0.2—0.01V range (1.4.@). For delithiation, the lithium release was mainly from
graphite during the 0.01—0.23V (1.4.®) range and mainly from silicon during the 0.23—1V range (1.4.®).
This observation is really useful to estimate the potential range where the volume variation occurs, and then
to understand the shapes of volume variation curves during charge and discharge. Berhaut et al. (2019) [51]
confirmed these observations using a synchrotron wide-angle and small-angle X-ray to analyse in-sifu lithiation
and delithiation phases of both anode materials. They also analysed the influence of C-rate. The influence of
C-rate on lithiation distribution between Si and Gr is limited during charge, but during discharge, lower C-rate
generates internal exchange of lithium between Si and Gr.

Besides, similarly to the work of Miiller et al. (2019) [47] presented above, a common way to assess the
thickness variation is to use a controlled loading system, in order to pilot the pressure applied on pouch cell
(constant or variable load). This method was used by Delphine Vidal in her thesis. Indeed, Vidal et al. (2021)

[40], [52] used a set-up where the spring/screw system is replaced by a monitored operando compression con-

Lithiation : Delithiation 1.0
=9
- 0.8
E 5
= 2. 0.6 =
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S 0.4 3
: 0
Q. 4.
£ -
0 '0-2
0 0.0

Cell capacity (mAh)

Figure 1.4: Capacity and potential (VS lithium) of graphite and silicon components in Si/Gr electrode during
lithiation and delithiation. Percentages are the estimated expansions of silicon particles. Adapted from Yao
et al. (2019) [50], Figure 4 °.

% © Advanced Energy Materials. Reproduced under charge-free nature of reuse. John Wiley & Sons (Wiley), all rights reserved.
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trolled through a step motor. The experimental approach revealed an asymmetric volume variation between
charge and discharge, but also an irreversible porosity increase when pressure on cell was too low. They pre-
cisely quantified the variation of thickness of pouch cells, more especially during cell formation cycles. By
“formation cycles”, the terms refer to the first cycles of a fresh cell. As an illustration, Fig. 1.5 displays the
measurement of thickness change of a NMC622 / Si/C/Gr pouch cell containing 6.5wt% of silicon within ac-
tive material, during its formation cycles. It was supposed that the measured variation was mainly generated
by anode breathing (this aspect is discussed in this manuscript, in Section 4.3.1), so the percentage in right
axis presents the relative thickness variation based on the initial anode thickness (48 um). As we can see, the
thickness variation is really high compared to the initial anode thickness, until 23.3% at the highest plotted
point. Relatively to the initial full pouch cell thickness (360 um), it represents a thickness change of around
3.1% (value not displayed on graph). This graph also introduces two important features: the swelling am-
plitude (dashed arrows) and the irreversibility (solid arrows). Their evolution over time, cycle after cycle, is
problematic due the variable stress they generate during the cell life. This aspect is discussed in more detail
in Section 1.1.2.a, but also globally in this manuscript as it constitutes a key feature to assess the breathing.
To conclude the section on experimental studies, von Kessel et al. (2023) [53] proposed an air-pressure-based
press to study the cell expansion but also some material parameters, revealing the high proportion of volume
expansion due to SiO, and the clear impact of pressure on reversible volume expansion (changing pressure
from 0.1 to 2 MPa generates a 34% decrease of volume expansion). In the same scope as Vidal et al. (2021)
[40], [52], they also presented a complete multiscale coupled electro-mechanical model, and their clear subdi-
vision of the problem scales (atomic, particle, electrode, cell and housing, displayed in Fig. 1.6) is an excellent

frame to expose the core question of this thesis, exposed in Section 1.1.2.a.

The review of these experimental approaches gives us interesting clues to understand the electrode breath-

ing, as Table 1.2 introduced above summarises. As we can see, mostly looking at the studied parameters, studies
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Figure 1.5: Operando thickness change measurement on a NMC622 / Si/C/Gr pouch cell with 6.5wt% of silicon
in anode active material (cycled at 0.5 MPa and 22°C). The percentage on the right axis is the relative thickness
change, based on the initial anode thickness (48 um). Dashed arrows represent the swelling amplitude of the
breathing and the solid arrows the irreversibility of the breathing. Data extracted from Vidal et al. (2021) [40],
Figure I11-6 (pouch cell A72).
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Figure 1.6: Scheme of workflow and structure of the multiscale electrochemical-mechanical model. Thick
dashed rectangle designates both scales related to this thesis. Thick solid rectangle locates the objective of this
thesis: breathing transfer from particles scale to electrode scale (see Section 1.1.2.a). Adapted from von Kessel
etal (2023) [53], Figure 2 “.
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have focused on electrode use conditions (C-rate, pressure during cycling), manufacturing artefacts (adhesive
contaminant, current tab position) and electrochemical properties of Si and Gr (lithiation distribution). The
latter parameter (lithiation distribution), is really useful to understand the breathing shape at electrode scale.
However, it is not a key parameter to control the breathing, because it is imposed by electrochemical laws.
Concerning the electrode use conditions (C-rate, pressure during cycling) are partially interesting from a man-
ufacturing perspective, because they are related to the capacity and packing design. However, their evident
dependency to conditions out of the manufacturing process limits the breathing controllability through elec-
trode design. In fact, the manufacturing artefacts, and more precisely the adhesive contaminant study by Yao
et al. (2019) [50], reveals an interesting feature in terms of breathing controllability. Indeed, this study reveals
that, considering a given electrode composed with a material supposed homogeneous, local change of adhe-
sion within the material causes significant change of its breathing behaviour. This observation is important to
address the breathing controllability through a mechanical perspective, the electrochemical aspect being quite
imposed by the use conditions and the electrochemistry itself. In that respect, the literature already addressed

the breathing behaviour through modelling.

1.1.1.d Review of modelling studies on electrode breathing

In literature, the electrode breathing is less addressed through modelling than experiment. As a summary,
Table 1.3 lists all the cited references, the type of model used, the studied parameter and noticeable conclusions.

This section reviews these references before discussing more generally about the eventual unexplored axis.
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Model . . .
Reference . ode% Studied parameter Noticeable conclusion(s)
dimension
Pereira et al. D Silicon fraction Existence of optimal value to obtained enhanced
(2019) [54] capacity (considering fixed casing constraint).
Chen et al. PD Silicon fraction Existence of optimal value to obtained enhanced
(2019) [55] capacity (considering fixed casing constraint).
Mai et al. PID B Necessity to take into account electrode
(2019) [56] breathing in models to obtain accurate capacity.
Zhang et al. D _ Important coupling between electrochemical
(2021) [57] behaviour and mechanical deformation.
Sauertei
eut al 18 D Pressure during Linked to the electrochemistry by reducing pore
(2018) [ 58] cycling volume and then ions’ diffusivity.
Vidal et al. Good breathing amplitude but divergent
(2021) [40], 1D - breathing slopes compared to experimental, and
[52] no irreversibility captured.
Pegel et al. D B Importance of considering void volume
(2022) [59] variation to obtain accurate breathing behaviour.
Gomadam &
Weidner et al. 3D Swelling coefficient Induces greater discharge capacity.

(2005) [60]

Table 1.3: Review of modelling studies of electrode breathing (all electrochemical-mechanical coupled models)
— ID: mono-dimensional, P2D: pseudo-two-dimensional.

Pereira et al. (2019) [54] used a coupled electrochemical-mechanical model to predict the volume change
of a cell, through an equivalent Fick’s law of porosity and strain for cathode and anode (active layers). They
also took into account the mechanical contribution of inactive layers (current collectors, separator and foam
packing). By imposing different “cut-off” pressures, i.e. standard design limitations (0.25 and 0.5 MPa), they
searched for optimal amount of silicon to introduce within anode to improve capacity, simultaneously respecting
these packing limitations. Through this approach, they revealed that a judicious balance of silicon fraction
and initial porosity could lead to a 59% capacity improvement compared to traditional graphite anode. On
their side, Chen et al. (2022) [55] used an electrochemical-mechanical model with coupled pseudo-2D and
mechanical laws. Their results are consistent with the conclusions of Pereira et al. (2019) [54], revealing that
casing constraints had a significant impact on cell structure, as opposite to electrochemical behaviours that
showed to be poorly affected, as illustrated in Fig. 1.7, where the anode capacity is analysed from 550 to
1,250 mAh/g by varying the Si/C weight fraction. On the left graph (Fig. 1.7a), the cell voltage presents a
slight variation induced by anode capacity, only at low state of charge (between 0 and 0.5), whereas on the
right graph, the volume variation notably increases with anode capacity (from 4.4% to 10.5%). By introducing

a similar notion of “casing constraint” (this time in terms of volume variation cut-off, at 6 and 10%), this work
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also underlines the importance of judicious choice of silicon fraction within the anode. It indeed constitutes
a compromise point between casing design and required capacity. Moreover, Mai et al. (2019) [56] also used
a coupled electrochemical-mechanical pseudo-2D model to investigate the behaviour of a silicon-based cell,
at both particles and electrode levels. If their equation of porosity/strain variation is really close to Pereira
et al. (2019) [54]. They underlined the importance of taking into account the electrodes’ deformation in models,

otherwise it could lead to over-prediction of accessible capacity or energy.

Besides, Zhang et al. (2021) [57] considered a mono-dimensional model by a combination of layers with
different strains/porosities, demonstrating that mechanical deformation and electrochemical behaviour are con-
nected in a non-negligible way. Sauerteig et al. (2018) [58] already used this multi-layer approach through an
uniaxial elastic model, by evaluating the deformation of the porous structures only. They demonstrated that the
mechanical pressure on the cell is closely linked to the electrochemistry, due to impact on pore volume and then
ions’ diffusivity. Finally, Pegel et al. (2022) [59] also considered the material as a porous one. As schemed in
Fig. 1.8, they took into account the void volume variation, and distinguished the respective influence of both
SiO, and graphite in layer structure. They observed that considering in the model the swallowing of the initial

large volume expansion of SiO, by pore volume lead to a very good fit with experiment.

Taking a step back, the previous approaches follow a wide-spread conventional methodology to model the
cell breathing, based on a mono-dimensional or pseudo-two-dimensional consideration of electrode. In all these
approaches, the consideration of void volume, generally introduced via the porosity, seems highly relevant
to model accurately the electrode breathing. Actually, Gomadam & Weidner (2005) [60] already modelled
the volume change of porous electrodes by studying the effect of a new-introduced parameter, the “swelling
coefficient ¢”, that is also interesting to introduce our fundamental problematic. Basically, the volume partition

of a porous electrode is composed of two terms:

Velectrode = Vsolid + Vvoid (11)
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Figure 1.7: Influence of Si/C composite anode capacity (by varying the Si/C weight fraction) — a) Influence
on cell voltage (electrochemical aspect). b) Influence on cell volume variation (mechanical aspect). SOC:
State-Of-Charge. Adapted from Chen et al. (2022) [55], Figure 6 °.
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Figure 1.8: Scheme of anode thickness change due to particles (Gr and SiOy) and porous volumes. Extracted
from Pegel et al. (2022) [59], Figure 7 “.
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Where, as a first approach, we consider the “void” as “everything that do no constitute particles” (elec-

trolyte, binder, additives, etc.). Consequently, when it comes to the variation of this volume, it comes:

AVelectrode = AVsolid + AVvoid (1-2)

Adapted to this volume change partition, the swelling coefficient of Gomadam & Weidner is defined as:

o AVelectrode

(1.3)
AViolia

Thus, it describes the proportion of void filling within the electrode: ¢ = 0 means that all the solid ma-
terial volume change is transferred to the void volume (the total electrode volume being constant) and ¢ = 1
means that all solid material volume change is transferred to the total electrode volume (the void volume being

constant). This number is of major interest for this thesis.

Strangely enough, Gomadam & Weidner (2005) [60] used the swelling coefficient as an input parameter,
whereas it is more intuitive to consider it as an evaluating parameter. Indeed, from a manufacturing perspective,

the way to set this parameter is hard to imagine.

With a step back on all these references, Table 1.3 offers an overview of the current modelling approaches
of breathing modelling. Compared to experiment review in Table 1.2, it is clear that the modelling studies
are less oriented to parameters that influence breathing. As we can see, when a studied parameter is defined
and analysed sensitively, the conclusions mainly address the electrochemical performances, not the breathing.
The breathing is considered in these studies, but not with the aim of finding which parameter is susceptible
to reduce it. Furthermore, most of these approaches are mono-dimensional or pseudo-two-dimensional. From
a mechanical perspective, considering a material composed of particles that can reorganise in space, these
dimensions may be too restrictive. This is this idea of particles space reorganisation that led to the formulation

of this thesis.
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1.1.2 Thesis position
1.1.2.a Discussion on current studies and core question

All the modelling approaches introduced in previous section considered the void volume within electrode using
a key word: “porosity”. As a recall, the material that composes the electrode is granular and composed of
multiple particles and aggregates glued together by the binder. Then, between these particles, some “void”
volume is present. Of course, this void volume is filled with electrolyte, and it is hard to estimate in what
extent this liquid generates mechanical resistance. The fact remains that the granular structure implies several
questions in terms of mechanics, more precisely in terms of breathing transmission. Indeed, coming back to
the scale illustration of von Kessel et al. (2023) [53] displayed in Fig. 1.6, the most difficult part in modelling
the breathing is the question of scale (thick rectangle Fig. 1.6, illustrated in Fig. 1.9a): how is the breathing
of particles transferred to the electrode scale? Does the fact that particles can eventually move relatively each
other can impact the breathing at electrode scale? In the thesis of Vidal (2021) [40], several questionings
were asked concerning the impact of the granular media on the breathing, mostly to understand phenomena
hardly explainable via continuous models. More precisely, Fig. 1.5 shows two important observable features:
the “swelling amplitude” (dashed arrows) and the “irreversibility” (solid arrows) of the breathing. These
features, whose definitions are detailed in Section 2.1.1 and largely exploited in this manuscript, are precisely
the ones that raised suspicions about the influence of granular media on electrode breathing. Furthermore,
in their conclusion, von Kessel et al. (2023) [53] clearly indicates the needs in understanding better how the

electrodes behave mechanically:

«

The understanding and modeling of the mechanical properties of composite anodes with silicon
and high-nickel cathodes should be enhanced and modeled based on physics.

» — von Kessel et al. (2023) [53]

As a consequence, the current knowledge about electrode breathing should be modelled to a greater extent.
Facing this huge amounts of modelling studies that take into account the granular structure only through eval-
uation of void volume, here comes an interesting sentence: what if the breathing behaviour was less a matter
of porosity than a matter of contact? Indeed, let us consider the following thought exercise: by considering
a given particles bed (for example, the one of Fig. 1.9a). If we keep the exact same contact point and reduce
the “non-touching volume” of the particles, as in Fig. 1.9b, admitting that these contact points (little squares)
does not change significantly all along the breathing, the amount of porosity will be different, but the forces
network (dashed lines) and so the final global thickness is likely to remain the same. Of course, this perspective
is certainly reductive, and many phenomena can interfere in this simplification, starting with the reorganisation
of this new particles bed that will, necessarily, change the forces network and porosity. However, it does not
change the main idea proposed here: the porosity should not be seen as a causative parameter, but only as an
evaluating one. Instead, the particles are organised because of micro-phenomena that occurs at the levels of
the contacts between each other, and this engenders a resulting porosity. Hence, to obtain a better comprehen-
sion on the transfer of particles breathing to the electrode scale, searching in the physics of particles contact is

certainly a relevant way to explore, as en echo to one of the conclusions of Delphine Vidal’s work:
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Figure 1.9: Scheme of thesis main problematic reflections — a) Issues in modelling the real transfer of breath-
ing from particles scale to electrode scale. b) Simplification of the contact network to its unique points of
contact.

«
Finally, a more elaborated model, maybe considering spherical particles [... ], could provide a
more precise evaluation of the porosity and tortuosity of the anode. The study of the mechanical
stresses at particle level might also provide significant insights to understand and limit the swelling
at electrode level.

» — Vidal (2021) [40]

Hence, the objective of this thesis is to introduce the granular structure within a breathing model of the
electrode and to analyse the influence of contact properties on the breathing. This approach aims to explore
how the granular media is susceptible to absorb or generate void volume, more or less depending on the granular
properties. With a more concrete perspective, the goal is to detect the eventual granular parameters that can
be used by a battery manufacturer to obtain an electrode that breaths more reversibly and/or with a lower

amplitude. This objective can be summarised with the following “core question”:

To what extent the granular properties of an electrode considered as a discrete

particulate structure have an influence on its breathing behaviour?

To our knowledge, the study of inter-particles contact to assess the porous electrode breathing was made by
only one paper: Gudmundson & Larsson (2020) [61]. They considered an isotropic distribution of equal-size
particles and the associated contact points, to extrapolate a local analysis to the whole particles bed. To make
the local analysis, they established an analytical model based on laws of contact mechanics, with an evaluation
of forces and pressure at the level of contacts. Their results revealed that the local pressure at contact points
between particles was able to reach large amount of stress, from 1 to 6 GPa. By taking into account plasticity,
they also noticed that this plastic deformation primarily occurs during the first cycle, which is coherent with
experimental observations where significant differences appear between the first cycle and the following ones.
As they state, the advantage of their method is to quickly evaluate the influence of the governing contact param-
eters. In this sense, they oppose their method to discrete element simulations that present higher uncertainties

concerning the contact properties, but a more efficient description of microstructure. In this manuscript, it is
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proposed to develop the complementary approach mentioned by Gudmundson & Larsson, in other words to
consider the electrode as an assembly of particles and to evaluate the evolution of its microstructure during

breathing. To consider this granular structure, the chosen tool is the DEM, often used in literature.

1.1.2.b Review of modelling studies on battery using DEM

This section does not aim to detail DEM, an entire section being already dedicated to this task (Section 1.2).
Instead, it mainly aims to review the studies that have already used DEM to model battery. The objective it to
evaluate what DEM has been used for in the battery field, in order to evaluate the accuracy of this tool to model
battery mechanical behaviour. As a first summary, Table 1.4 lists all the cited references, the contact laws used,
the related mechanical phase of the battery (drying, calendering or cycling) and noticeable conclusions. This
section details the related references before a global discussion on these approaches.

Briefly, as the acronym of “Discrete Element Method”, DEM is a dynamics tool of mechanical interaction
between particles that enables, for its most common use, the dynamic flow of a granular media such as sand,
seeds or pills. It has often proved to efficiently compute the behaviour of granular media, through a large panel
of applications in many different fields, such as agribusiness [74]-[76], nano-mechanics [77], [78], grinding
process [79], screening process [80] or wearing flow [81], [82]. In fact, the “discrete structure” aspect of the
core question stated above has already been considered by many researchers for the study of electrodes. Liu
et al. (2011) [62] were precursors by using DEM in a mechanical discrete study of an electrode (though for
electrolyser technology, not for battery), simulating the microstructure of a porous composite electrode during

a sintering process. They used the sample displayed in Fig. 1.10, where pore volumes where introduced through
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Figure 1.10: Discrete microporous electrode sample during sintering. Colours indicate the number of contacts
for each particle. Arrows indicate examples of initial positions of “pore formers” (big particles), removed just
before the sintering — a) Sample before sintering. b) Sample after sintering. Adapted from Liu et al. (2011)
[62], Figure 1 °.
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Reference Contact Mechanical Noticeable conclusion(s)
law(s) phase
(]i(l)li le )t El 612] BM Sintering Introduce pore formers improves ions diffusion.
Inter-particle sliding and particle deformation
Zhu et al. . : . .
Hz + JKR - are the main mechanism governing the plastic
(2018) [63] . .
behaviour of anode material.
Sangrés Giménez . .
. DEM is able to model accurately the mechanical
et al Hz+PC Calendering response of anode material
(2018) [64] P '
Sangrés Giménez ) ,
Hz + PC . Calendering pressure reduces the elastic
et al. + Th Calendering response of the electrode
(2019a) [65] P '
. Normal stiffness, tangential stiffness and critical
Schreiner et al. . T :
Ed + PC Calendering normal stress (considering particles contact) are
(2021) [66] . ;
the most influential parameters.
Forouzan et al. . Higher electrode coating speed improves their
(2016) [67] Hz+LJ Drying microstructure by reducing the required solvent.
Ngandjong et al. Hz + LJ . Leads to an increase of electronic conductivity,
Calendering . . .
(2021) [68] + SJIKR ionic resistance and tortuosity.
Lombardo et al. . 'ngh d.rymg ratej generate.s heterogeneous
Hz+LJ Calendering distribution of active material along electrode
(2021) [69] .
thickness.
Calendering at the half of initial electrode
Lombardo et al. Hz + LI Calenderin thickness gives the best electrochemical
(2022) [70] & compromise (considering electronic
conductivity over tortuosity).
Inner-particles bonds break non-linearly as a
Xu et al. Hz + SJIKR . function of compression degree. Bonds
Calendering .
(2023b) [71] +PC breakage can occur even at lowest calendering
pressure.
So et al. Hyz + TL Calendering / High calendering pressure limits internal cracks
(2021a) [72] * Cycling during breathing.
Due to lithium diffusion, high C-rates generate
So et al. Hy + TL Calendering / heterogeneous lithiation within the active
(2022b) [73] * Cycling material particles. It also partially explains

particles breathing irreversibility.

Table 1.4: Review of modelling studies on battery using DEM. Breathing behaviour is approached in refer-
ences noted with an asterisk “*” — Hz: Hertz (non-linear elasticity due to spherical contact), JKR: Johnson,
Kendall & Roberts (adhesion), SJIKR: simplified JKR (lighter formulation of JKR adhesion theory), PC: Po-
tyondy & Cundall (breakable bond), Th: Thornton (plasticity), LJ: Lennard-Jones (inter-atomic potential),
BM: Bouvard & McMeeking (sintering contact at high temperature) Ed: Edinburgh (elasto-plastic adhesion),
TL: Tomas & Luding (plasticity).
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“pore formers” (big dark particles) removed just before the sintering. They demonstrated that the introduction
of pore formers had a positive effect on the ions’ diffusion, quite beneficial even if some exchange area has
been lost. Similarly, more focused on the anode material itself (without considering a precise manufacturing
process), Zhu et al. (2018) [63] predicted the mechanical properties of a pure graphite anode submitted to
a compacting pressure. They concluded that inter-particle sliding and particle deformation were the main
deformation mechanisms governing the plastic behaviour of the anode material.

Beyond these approaches, it turns out that the study of electrode mechanical behaviour during fabrica-
tion process using DEM was recently of major interest. Through a rich series of papers, Sangrés Giménez
et al. (2018-2020) [64], [65], [83], [84] made a huge work of DEM application on batteries, for several pur-
poses: predicting the mechanical response during calendering process in 2018 and 2019 [64], [65], evaluating
the impact of calendering process on ionic behaviour around particles in 2019 [83] and modelling the electrical
network through particles in 2020 [84]. By this approach, they demonstrated the ability of DEM to simulate
the micro-mechanics of an electrode and the non-negligible impact of calendering process on electrochemistry.
As examples, Fig. 1.11a presents the comparison between nanoindentation experimental measurement on an
electrode material sample and DEM simulation, the discrete model reproducing quite accurately the plastic
response. On its side, Fig. 1.11b plots different specific elastic recoveries as a function of calendering pressure.
It demonstrates a reduction of elasticity with the increase of calendering pressure, except for lower values of
pressure (explained by the authors by a load maybe not high enough to reach elastic regime of active material
particles, the deformation being dictated by plastic binder particles). In the same scope, Schreiner et al. (2020)
[85] introduced their own discrete model with bonded particles and tested it through the analysis of stress and

number of bounds. Then, Schreiner et al. (2021) [66] made a sensitivity study on the inter-particles parameters
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Figure 1.11: Mechanical response of granular cathode during calendering process — a) Force-displacement
curves (experimental and DEM simulation) of a nanoindentation. Adapted from Sangrés Giménez et al. (2018)
[64], Figure 7 “. b) Specific elastic recovery as a function of calendered structure (Cl, C2, C3 and C4 respec-
tively calendered at 19, 43, 73 and 159 MPa). Extracted from Sangrés Giménez et al. (2019a) [65], Figure 8.
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to construct a model of electrode, showing that normal stiffness, tangential stiffness and critical normal stress
are the most influential parameters during calendering. Focusing on the fabrication step preceding calendering,
Forouzan et al. (2016) [67] predicted the microstructure formation during the coating and drying step of man-
ufacturing process. They modelled the electrode as an ensemble of active material (AM) and carbon-binder
domain (CBD, binder and conductive additives) particles. To simulate the slurry, i.e. the presence of liquid
solvent around particles, they used a force derived from Lennard-Jones potential between particles. Using this
approach, they demonstrated that the coating of electrodes at higher speed was a possible way to improve their
microstructure, because of the reduction of required solvent that avoids, after drying, an eventual excessive
porosity.

Furthermore, the whole electrode fabrication process (slurry, drying and calendering) is at the core of the
ARTISTIC project (from European Research Council, N°772873) [86] that gave birth to many studies using
DEM to address the electrode microstructure. In particular, Ngandjong et al. (2017) extended the work of
Forouzan et al. (2016) [67] to include material properties, fabrication method and electrochemical performance
in a unique framework. Ngandjong et al. (2021) [68] used this tool to analyse the effect of calendering process
on electrochemical properties, detecting that the calendering leads to an increase of electronic conductivity,
ionic resistance and tortuosity. Afterwards, Lombardo et al. (2020-2022) [69], [70], [87] paid a particular at-
tention on drying and calendering, based on the same methodology to simulate slurry. They indeed presented a
whole-fabrication process simulation workflow, from slurry, drying to calendering. In 2020 [87], they charac-
terised the coarse grained molecular dynamics with force fields, the same mesoscale simulation technique used
by Ngandjong ef al. (2021) [68], introducing an optimised workflow to reduce the time of manual force fields
optimization that, originally, could last several months. In 2021 [69], they applied the developed workflow to
the drying and calendering processes, with a drying speed depending on the position along the electrode thick-
ness. As schemed in Fig. 1.12a, the drying is simulated through the size reduction of carbon-domain particles,
at different shrinking speeds depending on the layer part (bottom, centre, or top). As plotted in Fig. 1.12b,
the drying rate seems to mostly influence the active material volume fraction, lowering its value in the bottom
zone and increasing it in the top zone. Thus, a higher drying rate tends to generate more heterogeneous distri-
bution of active material along electrode thickness. Finally, in 2022 [70], they also focused on the impact of
calendering on electrochemical performances, with a specific attention on organic-based sodium-ion cell. As
plotted in Fig. 1.12c, the ratio of effective electronic conductivity over tortuosity is increasingly influenced by
the compression degree. Therefore, an optimal calendering target to obtain the best electrochemical compro-
mise is to compress at the half of initial electrode thickness. Still in the ARTISTIC project, Xu et al. (2023a)
[88] extended and tested the model of Lombardo et al. (2021) [69] by subdividing active material particles into
clusters of sub-particles (as schemed in Fig. 1.13a), based on shapes measured with X-ray computed tomogra-
phy measurements. Then, Xu et al. (2023b) [71] introduced laws of breakable bond (light links in Fig. 1.13a)
within active material clusters to analyse the cracking phenomena. They noticed a discrepancy of porosity
compared to experimental Fig. 1.13b that was mostly explained by the limitation of elastic contact model used
to capture the electrode plastic behaviour. However, Fig. 1.13c clearly reveals that inner-particles bonds break
non-linearly as a function of compression degree, and that bonds breakage can occur even at lowest calendering

pressure.
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Figure 1.12: DEM model simulating drying process, including active material (AM) and carbon-binder domain
(CBD) particles — a) 3D representations of dried electrode: CBD particles are divided into three groups (from
bottom to top). Top group dries at higher rate than bottom group. b) Evolution of volume fractions (AM and
CBD) as a function of electrode thickness for different drying rates (based on shrinking velocities d of different
electrode parts). Each pair of drying rate is defined with two ratios: Dcem,e / Dbmwm and pr / Dbmwm Adapted
from Lombardo et al. (2021) [69], Figure 4 ¢. ¢) Normalized ratio of electrode effective electronic conductivity
(S electronic) and tortuosity factor t as a function of electrode degree of compression. Extracted from Lombardo
et al. (2022) [70], Figure 3 °.

% © Energy Storage Materials. Open access.
b © Batteries & Supercaps. Open access.



48 CHAPTER 1. BIBLIOGRAPHY

(a)
Calendering
degree
Bonds
Calendering process
(b) (©
55 160 - 102
@ Experiment ® Compre-sslon "4 _
50im ® Simulation 140 * Relaxation 21100 ¥
] Simulation =
120 @
as|{ @ - -
- - S 3
§ s 100 96 ¢
< 40 < S
= . g 804 94 ¢
E] o
g 351 2 0. a
a m E 92 E
30 . . - 40| 90 ‘é
251 20 |~
¢ 88 S
20 & 86
0 20 40 60 80 100 120 140 160 0 5 10 15 20 25 30 35 40
Pressure (MPa) Compression degree (%)

Figure 1.13: DEM model simulating calendering process (until 150 MPa), including active material (AM)
and carbon-binder domain (CBD) particles — a) 3D representations of calendered electrode. Top row: par-
ticles. Bottom row: particles bonds. CBD: Carbon-Binder Domain. AM: Active Material. b) Comparison of
porosity (model/experimental) at different calendering pressures. Triangle simulation markers: porosity calcu-
lated based on microstructure meshing. Square simulation markers: porosity calculated based on theoretical
material volume. c¢) Pressure and proportion of broken bonds as a function of compression degree (reduced
thickness). Adapted from Xu et al. (2023) [71], Figure 3 & 4 °.
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Despite all these models using DEM, the electrode breathing was rarely approached with this technique.
To our knowledge, one of the closest approach is the one of Charlas (2013) [89] who used a discrete model to
simulate the mechanical behaviour of metal hydride for hydrogen storage, this technology is also particularly
confronted to material breathing. He observed that using spherical particles does not enable to obtain the
same initial density, with comparison to experiment. This aspect introduces the difficulties to realise complex
electrode microstructure using only spherical particles. As presented above, these difficulties have been already

well studied in the ARTISTIC project, by modelling complex shapes of particles by clusters of sub-particles.

So far, the closest approach to model electrode breathing has been made through a rich series of papers from
So et al. (2021-2022) [72], [73], [90]-[92]. They indeed used DEM to study reorganisation of all-solid-state
lithium-ion batteries electrode microstructure during breathing, but also the resulting impact on electrochemical
performances. They initially started in 2021 [72] with a 2D approach, by implementing a Hertzian contact law
(detailed in Section 1.2.1.a) joined to a plastic deformation law, in order to simulate a cohesive contact created
by high compressive force. More simply than in ARTISTIC project, they simulated the manufacturing process
(slurry, drying and calendering) through a simple rainfall/compression of particles. As schemed in Fig. 1.14a,
the active material (big dark particles) are embedded in a mixture of solid electrolyte (little particles). After
five breathing cycles, the particles bed fragmentation differs depending on maximum state of charges (8% and
24%) and fabrication pressures (100 and 200 MPa): the electrode calendered at high pressure presents a more
compacted bed than at low pressure. Furthermore, at low calendering pressure, the increase of maximum state
of charge creates many internal cracks, which underlines the impact of calendering step on microstructure
during the cycling. Still in 2021 [90], they extended the model to the third dimension and mainly paid attention
to the calendering step, as schemed in Fig. 1.14b: the active materials particles and solid electrolyte clusters
are generated in a tall simulation box and rainfall, then compressed at different pressure levels. In 2022, while
presenting the complete development of Hertzian-plastic contact model [91] and proposing a method to replace
active material single particles by coated clusters of sub-particles [92], they studied the electrode breathing
by taking into account the lithium diffusion within the active material sub-particles [73]. As illustrated in
Fig. 1.14c, active material (coloured particles) is initially delithiated, then it lithiates until a predefined content
of lithium has been charged (SOC = 1) which increases the global cell volume, then it delithiates until the
same amount of lithium is discharged. As it can be seen, the final volume is higher than at initial state. This
is mainly explained by the inhomogeneous delithiation of active material due to diffusion limitation (lithiation
gradient in final state of Fig. 1.14c). This inhomogeneous lithiation and delithiation is highly enhanced by a
higher C-rate, which consequently generates faster inner damaging of active material. Indeed, as plotted in
Fig. 1.14d, the increase of C-rate accelerates the damage (evaluated via the remaining number of inter-particles
bonds). On the opposite, Fig. 1.14e demonstrates that the pressure applied on the cell poorly affects the internal

cracks appearance.

First, this list ensures the efficiency of DEM in modelling the microstructure of the electrode. In addition,
when it comes to electrode mechanical behaviour, this table quickly reveals that most of the studies focused
on the manufacturing scope. They generally analysed the mechanical behaviour during the calendering process
to evaluate its impact on electrochemistry, but not on the breathing itself. In fact, most studies did not address
the breathing, only by So et al. (2021-2022) [72], [73], [90]-[92] did. Moreover, the latter did not address the
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Figure 1.14: DEM model of all-solid-state lithium electrode — a) 2D electrode structures after five cycles
for different fabrication pressures and maximum states of charge. Volume fraction is computed locally, based
on polygonal volume from Voronoi tessellation with neighbour particles. Adapted from So et al. (2021a) [72],
Figure 7. b) 3D initial distribution of active material (big dark particles) and solid electrolyte (clusters of little
light particles), with two different calendering pressures (100 and 400 MPa). Adapted from So et al. (2021b)
[90], Figure 3 b ¢) Distribution of molar ratio x in Li,Si in active material and volume variations (1C and
10 MPa). d,e) Active material damage as a function of C-rates and cycles (d), and pressure and state of charge
(e). Damage based on number of bonds. Adapted from So et al. (2022¢) [71], Figure 5°.
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breathing from a volume transfer perspective. They mainly focused on the internal phenomena, at the particles
level, without considering the transfer of volume variation from particles to electrode scale. Furthermore, they
did not enter precisely in the understanding of inter-particles contact and did not focus on the issue of breathing

amplitude and irreversibility. Hence, as a particularly close approach, this thesis aims to address these aspects.

1.1.2.c Position of thesis in state-of-the-art

As a global summary of all that have been developed in the previous subsections, we can picture three main

observations of the current state-of-the-art linked to the core question, schematised in Fig. 1.15:

> The electrode breathing has already been well studied experimentally, with many different techniques,
at different scales (a), as summarised in Table 1.2.

> The electrode breathing was also studied through some models. However, there is a lack of microstruc-
ture and inter-particles contacts consideration to really understand the volume variation transfer from
particles to electrode scale (b), as summarised in Table 1.3.

> DEM has proven to be an efficient tool to model microstructure behaviour, and it has been even already

well-used to study Li-ion batteries (c), as summarised in Table 1.4.

This thesis consequently aims to be at the crossroads of these three fields: using DEM to better understand
the role of the granular microstructure and inter-particles contacts properties in the breathing. In the particular

case of the silicon-based anode, the final goal is to determine which granular properties are susceptible to be

(b)
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Figure 1.15: Position of the thesis in current state-of-the-art: the breathing is already well studied experimen-
tally (a), also computationally but with lack of discrete microstructure consideration (b), and the DEM tool has
been already well-used to study battery microstructure (c).
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exploited during manufacturing to reduce mechanically the breathing, thanks to the exploitation of void volume.
The granular properties can be silicon fraction, friction, particles rotation, pressure on the electrode, particles
rigidity, adhesion or breakable bonds between particles. However, even if it composes the main technique
used in this thesis, DEM is completed by other tools, going from macroscopic experimental measurements
to electrochemical modelling, without forgetting an important part of rheology, i.e. the mechanical study of

materials that deform under stress.

For this purpose, the second section of the present chapter (Section 1.2) details the contact laws used in this
manuscript. Chapter 2 develops the complete numerical model based on DEM of this thesis, called “DAM?”,
more precisely its geometrical characteristics, the strategy of sensitivity analysis, the implemented breathing
laws of particles and the different parameters used to evaluate the results. Chapter 3 presents the results of
DAM sensitivity analyses and quantifies the impact of the studied parameters on breathing, mainly in terms
of swelling amplitude and irreversibility. Chapter 4 presents the experimental work that has been carried out
to complete the work of Delphine Vidal, more precisely by introducing a rheological model built to extract
the anode thickness from experimental samples and detailing the methodology and results. Finally, Chapter 5
presents a cross-comparison of model and experimental approaches, in order to identify the promising future

leads in breathing modelling improvement.

1.2 DEM

As introduced in Section 1.1.2.b, “DEM” is the acronym for “Discrete Element Method” or, at the origin,
“Distinct Element Method”. DEM can be defined as a computation technique for dynamical interaction between
solid particles that move into space. In a simple question: how to compute the dynamics of two particles,
i.e. their trajectories over time? An intuitive answer would be the application of the Newton’s Second Law,
highly efficient when it comes to compute trajectories with velocities much lower than the velocity of light.
But a key question appears at the instant these particles touch each other. What happens when two particles
with given shapes, moving with given velocities and directions, meet the surface of the other one? What
happens when contact occurs between these particles? This physical phenomenon particularly complexifies
the dynamics resolution, even more if the considered system is composed of thousands or even millions of

particles.

To solve this computational challenge, an answer can be found in the famous paper “A discrete numerical
model for granular assemblies” by Cundall & Strack (1979) [93]. By their work, they introduced a simple

principle, summarized in two sentences:

«

The distinct element method is based upon the idea that the time step chosen may be so small that
during a single time step disturbances cannot propagate from any disc further than its immediate
neighbours. Then, at all times the resultant forces on any disc are determined exclusively by its
interaction with the discs with which it is in contact.

» — Cundall & Strack (1979) [93]
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Where “discs” refer to 2D particles. The principle consequently states that, mechanically, a sufficiently
small discretisation of time able any complex system of many particles to be treated at the level of the particle
itself, and then to simplify the problem to an ensemble of simple dynamics equations. The complex system is
reduced to its smallest piece. This is how a flow of thousands or even millions of particles can be computed
with basic dynamics tools.

However, this does not answer the real question about the contact between particles. How to consider the
dynamical reaction of this contact? In fact, this question raises the intrinsic link of DEM with the area of contact

mechanics.

1.2.1 Contact mechanics
1.2.1.a Introduction to Hertzian contact

It is quite difficult to fix a key date on the origin of contact mechanics. If we had to go back in time in its
history, certainly we would stop at 1676. This is at this date Robert Hooke stated its famous solution about the
linear-elasticity. He published this result in 1678, in his book “Potentia Restitutiva, Or of Spring Explaining the
Power of Springing Bodies” [94], under a Latin citation: “Ut tensio, sic vis”, which can be literally translated
by “As the extension, so the force”, more precisely “The force of any springy body is in the same proportion
with the extension”. This result described the linear-elasticity, introducing a basic mechanical behaviour of a

material comparable with a spring, nowadays named as a Hookean material.

The Hooke’s Law is today expressed as the linear equation between the stress and the strain:
oc=¢E (1.4)

Where o the stress and, E is the Young modulus and ¢ the strain of the material.

Afterwards, it is necessary to wait almost a century and half, before another famous name of mechanics,
Charles Augustin de Coulomb, published its work in his book “Théorie des machines simples, en ayant égard
au frottement de leurs parties et a la roideur des cordages” [95] (“Theory of simple machines, having regard
to the friction of their pieces and the stiffness of the ropes”) in 1821. In this volume, he presented the results
that gave birth to the Coulomb’s Law of mechanics. Taking place during the friction between two solids, the
simplified equation stipulate a linear evolution of the normal force and the tangential force of the contact. This
law stipulates that, at the static state the tangential force is bounded by the normal force via the static coefficient
of friction p:

IE ] < ps | El (1.5)

In addition, at the dynamic state, the tangential force is directly proportionally related to the normal force
via the dynamic coefficient of friction p;:
[Fel| = pa || Ful (1.6)

Where, generally, both friction coefficients are approximated as equal (¢ = py = p).
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Even if it is also from the same author, this law of mechanics should not be confused with the Coulomb’s
Law of electrostatic, which evaluates the force of electrical interaction between two electrically charged parti-
cles. By default, in this treatise, the “Coulomb’s Law” refers to the mechanical law and not to the electrostatic
one.

Finally, as another key date in contact mechanics history, we have to wait only a few decades. Factually
speaking, we practically all know the person considered, today, as a key pioneer in contact mechanics, because
he is none other than Heinrich Rudolph Hertz, mainly known for its essential discoveries in electromagnetic
waves. It is by mutual agreement that its work introduced the first base of contact mechanics, by presenting a
classical contact model. During its doctorate of physics under, Hertz needed to solve the deformation of two
spherical bodies pressed one against the other. Thus, he solved mathematically this issue in 1880 during the
Christmas holidays, and described his results in his article “Ueber die Beriihrung fester elastischer Korper”
[96], published in the journal De Gruyter in 1882 [97].

The major problem solved by this model is that, despite the linear reaction of the material as dictated by the
Hooke’s Law, the contact area is non-linear, provoking a non-linear evolution of the reaction force as a function
of the overlap between both spheres. This phenomenon is provoked by the unequal repartition of the pressure
on the surface of the contact area, is drawn in Fig. 1.16a. Furthermore, this case is also applied for a single
sphere in contact with a half-space (where the latter can be seen as a sphere with an infinite radius). The most
noticeable result Hertz presented in his article is certainly the definition of the pressure distribution, page 12

(167), defined as follows with the original notation:

_3FVa P

27 a3

P(r) (1.7)

Where P represents the pressure (noted Z, in [96]) and F the total force of interaction (noted p in [96]).
The elegance of this equation is the mathematical respect of one particular condition fixed at the beginning of

the article, page 5 (160), based on the fundamental link between force and pressure:

«

Lastly the integral SZst, taken over the part of the surface which is bounded by the curve of
pressure, must be equal to the given total pressure, which we shall call p.
» — Hertz et al. (1896) [98], page 150
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Figure 1.16: Basic schemes of Hertzian contact — a) Hertzian pressure distribution. b) Overlap with spheres
of different sizes.
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Mathematically, the “total pressure” certainly refers to the total force applied between the two
spheres/sphere and half-space. Indeed, if we apply Eq. (1.7) to the pressure distribution proposed by Hertz

on the surface of contact, it gives, after integration:

fﬂ PdS =F (1.8)
0

Indirectly, by this work that constitute only parentheses in his doctorate, Hertz established the major field
of contact mechanics that, nowadays, is commonly used in DEM. Nevertheless, in order to award the right
recognition, it must be reminded that many researchers contemporary to Hertz also played an important role for
the development of this theory, such as Joseph Valentin Boussinesq with his theory of potentials in “Application
des potentiels a I’étude de I’équilibre et du mouvement des solides élastiques™ (“Application of potentials to
the study of equilibrium and movement of elastic solids™) in 1885 [99] or Augustus Edward Hough Love in “A
treatise on the mathematical theory of elasticity” in 1892 [100]. Even if the equation proposed by Hertz remains
a fundamental mathematical equation for the DEM, it is still imperfect to represent the full phenomenon of solid
contact. According to Johnson in his 1958 PhD note [101], the Hertz theory that does not take into account the
adhesion can present discrepancies in reality, especially about boundary conditions and for very low values of
load. In this sense, Boussinesq had already found a solution for the distribution of pressure of normal surface

traction.

Despite this, one of the most interesting results of Hertz, at the origin of the pressure distribution and
reintroduced by Johnson (1958) [102], [103] and Johnson et al. (1971) [102], is the relationship between the

contact radius a and the load applied F:

P = ZE*R*F (1.9)
Where E* and R* are contact-pair defined:
~1
1—v2 1—v?
E* = ( ! ) (1.10)
! ]
RiR;
* = R;;{ (1.11)
L ]

Where R;, E; and v; are respectively the radius, the Young’s modulus and the Poisson’s ratio of the sphere i
(and likewise for the sphere j). Another important result of Hertz’s work, reintroduced in the well-known book
“Contact Mechanics” by Johnson (1985) [104], also presented in the “Introduction to Contact Mechanics”,
Johnson (1992) [105], is the basic equation of the overlap & linked to the contact radius a by:

a = VR*S (1.12)

Where the overlap § is roughly schematised in the Fig. 1.16b. It gives the final expression of the normal

force between both spheres:
4E*+/R* 53
F— 3 (1.13)



56 CHAPTER 1. BIBLIOGRAPHY

Or similarly:
4E* a3

F =
3R*

(1.14)

. . 3 . . . .

We finally find here the non-linear behaviour of the force: F oc §2. This consequence is certainly the major
point revealed by Hertz’s work about the interaction of two elastic spheres in contact: even if the physical
interaction in fundamentally linear, as described by the Hooke’s Law, the geometry of the spheres presents a

nonlinear reaction.

1.2.1.b Application of Hertzian contact to DEM: the Hertz-Mindlin law

To our knowledge, Thornton & Randall (1988) [106] were the first to establish the link between the work of
Hertz on elastic spheres interpenetration presented in Section 1.2.1 and DEM, while Cundall’s team were ex-
tending DEM to the third dimension [107]-[110]. Thornton & Randall even went further in their approach,
because they also introduced an important feature in the tangential expression, based on the work on Mindlin
(1949) and Mindlin & Deresiewicz (1953): the micro-slips. This phenomenon occurs when the two elastic
surfaces are submitted two tangential forces, but without slipping. Mindlin & Deresiewicz demonstrated that
“micro-slips” happen in an annulus surface around the contact point, engendering a tangential accumulation
with a history effect (dependent to the path made in the past). For this reason, the contact law merging both
Hertz and Mindlin theories, commonly used nowadays, is often called the “Hertz-Mindlin contact law”. Be-
cause this law is at the heart of the DEM model used in this thesis, it is reduced to “HM law” in this manuscript.

Of course, these researches were not the only ones that made DEM the tool we use today. Bardet &
Huang [111] demonstrated the influence of contact couples on the global behaviour of a particles bed, by fixing
the particles’ rotation. Tsuji et al. (1992-1993) [112], [113] were precursor in the use of DEM in practical
application, more precisely by using it to simulate a plug flow of particle within a pipe. Thornton (1997)
[114] introduced a first form of elasto-plastic contact when studying the coefficient of restitution of collisional
particles, demonstrating that a Hertz-based contact law shows a linear force-displacement law after the elastic
limit is reached. Vu-Quoc & Zhang (1999) [115], [116] presenting an elasto-plastic normal force-displacement
law and an improved tangential force-displacement for HM law. By completing the Mindlin & Deresiewicz
solution by the more rigorous approach of Maw et al. (1976) [117] who extended the theory to a higher number
of cases, Di Renzo & Di Maio [118] compared the classical linear law of DEM with the HM law, showing
that the HM law brought surprisingly limited improvement compared to the linear law, being even worst if the
Mindlin theory was implemented without slipping. A year latter, Di Renzo & Di Maio (2005) [119] presented
an improvement of the HM law without slip in order to propose a form as simple yet effective that takes into
account Mindlin & Deresiewicz theory. Finally, Zhu et al. (2006) [120] made an impressive state-of-the-art of
the DEM summarizing the existing contact laws of contact forces and torques, but also many other dynamics
features such as inter-particle cohesive forces, particle-fluid interaction forces or methods of macroscopic stress
computation.

As we saw in Table 1.4, the Hertz contact law is widely used in literature to model electrode mechanical
behaviour. The main advantage of this law is its link with rheological properties of particles. In original Cundall

& Strack (1979) [93] paper, the contact law is linear and is set through parameters such as stiffness or damping
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factor. On its side, the Hertz law takes into account the non-linearity of contact due to spherical shape, and the
parameters involved are more conventional and interpretable, such as Young’s modulus or Poisson’s ratio. For

this reason, the Hertz law was chosen for this thesis.

1.2.2 Basic principle of DEM
1.2.2.a Main constitutive equations

As a brief convention statement, DEM knew much evolution these last decades, and many researchers devel-
oped their own codes and vector conventions. For this thesis, the chosen code was LIGGGHTS, an open-source
code based on the Molecular Dynamics code LAMMPS, introduced by Kloss et al. (2011-2012) [121], [122],
with the current public version 3.8.0 [123]. Thus, the conventions for vectors orientation presented in this
manuscript are the ones implemented in LIGGGHTS code.

The fundamental strategy of DEM, whatever its form, is to solve the Newton’s Second Law of Motion, based
on the work of Isaac Newton published in 1687 in his book “Philosophiae naturalis principia mathematica”
(“Mathematical Principles of Natural Philosophy”) [124]. As a side note, the original statement is located on
page 12, under the section “Axiomata Sive Leges Motus”, Lex 1. Thus, by considering a spherical particle i with

mass m; and radius R; (and deduced moment of inertia J»,), two major dynamics equations come, respectively

_
mq = ZPk
k

InG = Risz)
k

on translation and rotation:

(1.15)

Where F; represents the inter-particles forces of contact, ¢ and ¢ represent respectively the translational

and angular accelerations. These equations are only true by supposing the following Set of Hypothesis 1.A:

(i) The mass of the particle is constant.
(i1) The gravity and other friction forces are supposed negligible compared to forces of contact.
(iii)) The torque is only due to the contact forces.
(iv) The deformation is sufficiently small to keep the contact point approximately at a distance R; of

the particle center (so that the torque is expressed with R;)

Basically, to solve the dynamics equations, the core of the resolution lies in the definition of the forces
of contact. But how are these forces defined? First, by considering a unique contact between two particles i
and j, the force can be expressed as the composition of two forces: the normal force and the tangential force
(m and F]TZ: in Fig. 1.17a). Generally speaking, most of DEM approaches are generalisable to these two

fundamental constitutive equations:

—> e

F, = knan - 7771?71
7 —ke by — mQ,  if ke < psFy (1.16)
-

_.uan%ir if k16t > psFy
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Figure 1.17: DEM scheme of particles mechanical contact — a) Pair-particles parameters. b) Nor-
mal/Tangential parameters.

Where we have to read two main techniques, as illustrated in Fig. 1.17b:

> Each force is a “spring/dashpot” composition: an “elastic” component introducing the overlap and a

“damping” component introducing the velocity

> The tangential force is restrained to the normal force through a friction criterion

Of course, depending on the approach, the formulation can differ. For example, the damping is sometimes
removed (7, and 7; set to zero) under the assumption it is useless, because it simulates an energy loss that is
already set through the friction criterion. Furthermore, as introduced before, the friction can be reduced to a
single friction coefficient (s = py; = p). Finally, the signs within the equations are highly dependent to the

vector orientation convention.

Concerning the “normal” and “tangential” notions, the literature lacks some mathematical developments.
For example, many sources refer to the tangential velocity (g;), but few precisely describe their mathematical
expression, summarizing their definition to literal explanations, generally “tangential component of the relative
velocity” [64], [78]-[82], even in LIGGGHTS original paper itself [122]. It is not particularly false, but the
non-intuitive properties of the tangential velocity can be confusing. To find proper mathematical expressions
of these velocities, it is necessary to make a detour in specialized DEM articles, firstly to Cundall & Strack’s
1979 historical paper [93] (page 51, equation 13) where the expression is developed under a 2D approach, Bril-
liantov et al. (1996) [125] and Silbert et al. (2001) [126] works, finally to a more recent paper from Zabulionis
et al. (2012) [127] (page 268, equations 8—11), where the tangential component is specifically studied. This is
precisely the latter expression that correspond to the one implemented in LIGGGHTS, with the same vector

convention. Hence, let us develop these components to see obtain a clearer view of the mathematics.
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Let us divide the terms into two main groups: “dynamic” and “material”. “Dynamic terms” refer to the
terms that are spatially defined and used for dynamics computation, such as the overlap/velocity terms of the
main constitutive equations in Eq. (1.16), &,, v,,, & and 7,, respectively the normal overlap, the normal velocity,
the tangential overlap and the tangential velocity. “Material terms” refer to the terms associated to material
properties, such as the spring/damping/friction terms of the main constitutive equations in Eq. (1.16), k;,, n,;, k;
and n, respectively the normal stiffness, the normal damping factor, the tangential stiffness and the tangential

damping factor.

1.2.2.b Dynamic terms

A particle of reference i is considered for the application of Newton’s Second Law, interacting with a particle
J» with I and ] the respective centres of both particles and R; and R; the respective radii. In a given benchmark
Ro, we consider the respective translational velocities 9y ;) and v 5, and angular velocities w; o, and ;-
In addition, vectors OI and O] respectively define the positions of particle 7 and j in Rp.

A major vector that define the “normal” direction is the normal vector 7 defined by:

n—T

£l

(1.17)

Where the distance between particles’ centres is directly defined through 4 = || Ol — é—f)H This is the unit
vector that defines the direction of the both centres of particles, from | to I. Hence, this fundamental convention
is used in this study, but it must be kept in mind that the other convention (from I to J) can be found in literature,
as in Cundall & Strack (1979) [93] or in Tsuji et al. (1992) [112].

Finally, this enables us to define the overlap, more precisely the normal overlap between both particles:
On ZRZ‘—I—R]‘—CI (1.18)

It should be noted, moreover, that a negative value of the overlap corresponds to the distance between
particles surfaces, and a positive value corresponds to the overlap of geometrical contact. Directly, the condition

of contact between two particles is then determined by the sign:

6, 20 —  contact

(1.19)
0, < 0 —> no contact
Then, its vectorial form is defined based on the normal unit vector:
S5, = 87 (1.20)

Finally, considering the particles’ interaction, the most important velocity is the relative velocity of both
particles, beyond the velocities of these particles in the benchmark $Rp. Consequently, we define the following

velocity of the particle i relative to the particle j:

V177 = Yymo — V1o (1.21)
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The normal velocity comes:
Uy = (W} 7) 7 (1.22)

The tangential velocity requires more complex development. Indeed, we must keep in mind that the tangen-
tial velocity is useful only at the contact point, i.e. € in Fig. 1.17a, and it has to consider the relative movement
of both surfaces. To do so, the sliding is considered, defined thanks to a “dual point” € that owns two velocities:
the speed of the contact point of the particle i and the speed of the contact point of the particle j. Hence, the

sliding velocity of the contact point € is defined by the difference of the velocities at this point:
Vsliding = Yeei — Yeej (1.23)

Moreover, the velocities at contact points can be deduced directly from translational and angular velocities

thanks to classic relationship of points in a solid in motion:

Vet = Tujog + €1 A Gy
ST Mo T T e (1.24)
Veej = Yyymo T €T A 0jmg

Where wj/s, and wj/s, are the respective angular velocities of particles i and j in the benchmark Rp. By
defining the point of contact € as the centre of the overlap (which is geometrically fully acceptable but more

questionable when particles have really different rigidities), we can also note:

— O\ —
¢l = (Ri—2n> n

s 5\ —
¢ = — <R]-—2”>n

Then, by injecting Eq. (1.25) in Eq. (1.24), and Eq. (1.24) in Eq. (1.23), and thanks to Eq. (1.21), it comes:

(1.25)

. s 10 R é N
Usliding = Y177 T 1 A ((Ri - 2”) Wifme, T <Rj - 2”) wj/%) (1.26)

However, this does not constitute the final formula of the wanted velocity, because it includes a normal part.
Consequently, it is necessary to consider the tangential part of this expression, with reference to the normal unit

vector 71, to obtain the final form. Then, the “tangential velocity” implemented in LIGGGHTS is defined as:
— S — > — 5]’[ L 51’1 — —
Uy =9y — <?1/] : ”) n— R; — 5 | @i%o + | Rj— > ) Yil%o AT (1.27)

Finally, the tangential overlap is defined iteratively from the time of first contact between particles, in order
to implement a simplified form of “micro-slips” as described by Mindlin theory. The vector can be more
precisely written with an iterative form:

53 (1.28)
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Where F is the time step index. At each time step, it is possible to define a tangential displacement which
corresponds to the update of tangential overlap with the infinitesimal displacement induced d by the tangential
velocity:

thh) = 551—_1)—1— gzl)At (1.29)

Nevertheless, this vector does not match with the wanted result. Due to the relative movement of particles,
the tangential overlap 5; that was tangential at step & — 1 is not necessarily tangential any more at step h.
Consequently, at step &, the tangential displacement E: can have a normal component, which is not wanted in
the model. Thus, tangential overlap 5: is defined, at each step /1, as the tangential displacement reduced of the

normal component define by the normal unit vector at step h:

St =l — (dth -nh) nt (1.30)
Which gives:
St = gl At — ((551—1 +oltar) -nh> n' (1.31)

And for the initial value (when the contact begins): 5? - 0.

1.2.2.c Material terms

Material terms link the main constitutive equations to the intrinsic properties of the particles. As we saw,
originally, these terms were self-defined, and the use of any DEM model was made by setting directly their
values. As a consequence, the assembly of particles was governed through five parameters (both stiffnesses,
both damping factors and friction coefficient), eventually different from a particle to another. In this thesis,
it was chosen to use the HM law, simply called “Hertz model” in LIGGGHTS. In other words, the material
parameters were not set through raw values of stiffness and damping factor. Instead, these parameters were set

through equations, all these equations being positive and defined by:

( 2
ki’l = gkn
10,
M = _ﬁ ?knm*
) V (1.32)
ki = k
10,
i AV

Where:
k, = 2E*\/R*8,
ki = 8G*\/R*&

Notably, we find again the expression of Hertz theory in the normal stiffness k;, coming back to the normal

(1.33)

Hertzian force described in Eq. (1.13).
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Moreover, the pair equivalent mass and bulk modulus are defined as:

% mitj
m* = ——— (1.34)
m; + m;
~1
E; E;
Finally,  is a negative damping coefficient related to the restitution coefficient e through:

1

g I (1.36)

In(e)? + 72

Where the restitution coefficient, as described by Kuwabara & Kono (1987) [128], is the ratio of relative
velocities of two colliding particles before and after the collision, giving a positive value between zero and one.
It can represent several loss phenomena such as remaining vibrations, plastic deformations, fractures or inner

viscosity.

1.2.3 Extension of the basic principle
1.2.3.a Introduction to attraction

All that has been introduced in previous section constitutes the core of the DEM equations used in this thesis.
However, it is possible to add features to this core in order to implement additional phenomena. For example,
the previous DEM equations only deal with repulsive interaction of particles. However, as we previously saw,
the particles that compose electrode are glued together, mainly via the binder substrate or indirect gluing phe-
nomena due to presence of electrolyte. Consequently, considering supplementary laws to implement attraction,
or in other word “stickiness”, seems highly relevant. More precisely, there are two main ways to approach the
stickiness: reversibly (the particles can attract even after the loss of a contact) and irreversibly (once the contact
of a particles pair is lost, the attraction is also lost).

The reversible stickiness can be called “adhesion” (Fig. 1.18a) and the irreversible one the “breakable
bond” (Fig. 1.18b).

1.2.3.b Adhesion: the JKR law

The adhesion remains a complex reaction and behind this term are hidden several physical and chemical phe-
nomena (van der Walls forces, Coulombic forces, additional adhesive substances, capillary adhesion, junctions
due to elastic/plastic deformations, etc.). Moreover, the physics of adhesion met a really rich development
during the last century.

In historical literature, it is a inconceivable to miss out the pioneering work of Bowden & Tabor (1950)
[129], in their book “The Friction and Lubrication of Solids”, where they present in particular sensitive experi-
ments to measure the forces of adhesion of non-lubricated metals. The proof of these forces was hardly found
only for soft metals, and the question remained opened for harder materials. In this optic, Johnson (1958) [101]

brought in his note an analytic explanation, joining Hertz and Boussinesq theories, thus finding the presence



1.2. DEM 63

(a) (b)

Figure 1.18: DEM scheme of particles stickiness models — a) Adhesion model scheme: the contact neck
was observed higher than the Hertzian radius and gave birth to the JKR theory of adhesion. b) Breakable
bond model scheme: a virtual bond is considered in parallel to the HM law and adds supplementary nor-
mal/tangential forces and torques.

of an infinite traction at the edge of the contact area of both solids. However, this mathematical result still
remained unrealistic for highly stiff material that cannot deform enough and, consequently, present area of con-
tact lower than the one predicted by Hertz theory. However, the problem is still more complex, and for more
deformable materials, the behaviour seems reversed. Indeed, in 1968 and 1969, during the doctorate work
using respectively smooth rubber spheres and glass spheres respectively, Roberts and Kendall found contact
areas between bodies notably larger than those predicted by Hertz theory when the load was tending to zero.
For this reason, Johnson, Kendall and Roberts worked on a theory to explain this phenomenon, giving birth
to the well-known JKR theory of adhesion, in Johnson et al. (1971) [102] (schematised in Fig. 1.18a). They
astonishingly showed that the force of adhesion was independent of the elastic moduli of the materials, through
a simple equation that describes the load of spheres separation, i.e. the maximum force of adhesion (also called
“pull-of force”):

Fikr = gﬂR*A§ (1.37)

Where A¢ is the surface energy per unit contact area (including both surfaces).

Nevertheless, it would be unwise to limit the historical context with these names. In fact, the so-called work
of Johnson had been already tackled almost forty years earlier. Bradley (1932) [130] demonstrated experimen-
tally the proportionality between the adhesion force and equivalent diameter. He also proposed the expression

of surface energy for a single surface, giving birth to the following expression of adhesive force:

Fgradiey = 47TR*E (1.38)
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— In parentheses, specific attention should be paid on a common mistake about the surface energy: de-
pending on the source, this physical quantity can be expressed for a single surface (¢) or for the interfacial
contact (A¢). Maugis & Pollock (1984) [131] defined the Dupré energy that introduces surface energies of both
solids (& and &) and the interfacial energy (&2):

N=b+H— & (1.39)

A common simplification is the equality between both surface energies (¢ = &) joined to the zeroing of
the interfacial-energy (&2 ~ 0), so that A¢é = 2¢&. Consequently, a coefficient 2 can appear in an equation across
different sources. Because of this subtlety, the inevitable happened: compared to the others, Maugis & Pollock
(1984) [131] let appear a wrong factor 2 due to the use of Dupré energy that is interfacial. It is then proposed
here to call the interfacial surface energy A¢ the “work of adhesion” and to use W as an equivalent notation of
AE (W = AD). —

Coming back to History, Derjaguin (1934) [132] was the first to study the effect of contact deformation, and
to do so, he introduced the so-called Derjaguin approximation that simplify the force profile calculation between
colloidal particles thanks to a discretisation of the spherical shape, which finally gave the final expression that

confirmed Bradley’s result:

1
FDerjaguin = 47R* (513 - 2§11> (1.40)

Where Derjaguin distinguishes sub-terms of surface energy (&3 and &17).

One year after the publication of JKR theory, Dahneke (1972) [133] proposed another theory that took into
account the repulsion due to elastic flattening, by improving the Bradley’s work and correcting with experi-
mental data from Derjaguin and its colleagues of 1968. He criticized the analysis made in the latter work that

justified a quadratic evolution of the adhesive force, and not linear as the theory dictated.

As it can be imagined, after the publication of the JKR theory in 1971 and the work of Dahneke in 1972,
Derjaguin and his colleagues answered three years later, as a clarification of many discrepancies in the recent
publications concerning the adhesive force expression. As a result, Derjaguin et al. (1975) [134] maintained

the original expression, giving birth in their turn to the DMT theory (Derjaguin, Muller and Toporov):

FDMT = 27‘[R*W (141)

They also harshly criticised the approach of Dahneke by underlining a wrong equality between molecular
repulsive forces and normal elastic stress, the use of old knowledge and also his bad interpretation of they work.
Facing this “intellectual duel”, as a humble experimentalist mind, Tabor (1977) [135] established a clear and

neutral comparison of both JKR and DMT theories, by reformulating them with single solid surface energies:

FJKR = 37TR*§
Fomr = 47R*¢&

(1.42)
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Where A¢ has been replaced by surface energy £. The major result that have been kept in mind, as a physical
compromise between JKR and DMT theories, is the Tabor limit defined by:

NIw

EC
RZ AE

éTabor = (143)

Where { is the equilibrium separation between atoms (also called “inter-atomic spacing”). This number
evaluates the competition of surfaces roughness, between by the higher asperities (compressive forces that
separate the surfaces) and lower asperities (adhesion forces that hold the surfaces). Thus, Muller et al. (1980)
[136] analytically demonstrated this result and found a similar dimensionless parameter. Afterwards, Maugis
(1992) [137] introduced an additional model for transition between both JKR and DMT theories, based on the
work of Dugdale (1960). This is finally Greenwood (1997) [138] and Jonhson & Greenwood (1997) [139] that

stated a final conclusion to this long intellectual debate by stating another definition of Tabor limit through:

1
- R* WZ 2
®Greenwood = <E*2§3) (1-44)
And a global summary:
© Greenwood < 0.2 — Bradley-Derjaguin curve
2< (:)Greenwood <3 — Intermediary Maugis (1992) model (1.45)
3 < éGreenwood — JKR curve

Today, the consensus for DMT-JKR transition is preferably fixed for the range of [0.1,5] [137], [140],
[141]. Beyond this pure theory of adhesion, when it comes to the DEM application, the literature seems to
have simplified the approach of hybrid model by ignoring the Bradley-Derjaguin equation. Most of the models
currently used for adhesion are JKR, or simplified JKR models. This monopole of JKR theory is maybe
explained by the range of availability of Bradley-Derjaguin equation that remains extremely particular, mainly
adapted for large separation of particles, placing JKR theory as a more polyvalent model. Moreover, in the
considered problem of the thesis, it is relevant to establish the approximate value of C:)Greenwood to evaluate the
right theory to use. For example, by taking the material properties that minimize the expression of ) Greenwood
summarised in Table 1.5, we obtain @Greenwoed ~ 5.5. The value is not particularly high, but according to the
criteria dictated by Greenwood (1997) [138], it is more relevant to use the JKR theory for the anode model.
Nevertheless, in absolute way, this value more belongs to the DMT-JKR developed by Maugis (1992) [137],
but looking at the Figure 10 of this work proves that the air-gap profile with this value of @)Greenwood is close to
the JKR profile. Thus, it is assumed that the DEM model closely follows a JKR profile, so the JKR model is
preferred for the studied case to avoid the complexity of Maugis analytical approach.

The fact remains that the problem is not solved yet. Indeed, in practice, the application of JKR theory is
more complicated than a component added to the normal force of a contact between two particles. To better
understand this complexity, let us go back to the original formulation of JKR theory, in Johnson ef al. (1971)

[102]. In their system of equations (17), they established the following equation:
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Variable R W E v 4
Unit um J/m? GPa - A
Value 1 0.5 50 0.3 1

Source Table 2.1 [142] Table2.1 Table2.1 [143]

Table 1.5: Values for computation of Tabor limit of studied system. Sources referring to Table 2.1 are detailed
in Chapter 2.

F2 — 2F(F +37WR*) + F> = 0 (1.46)

Where F,;, is the apparent Hertz load between particles and F the real applied load the particles are subjected
to. To understand how a load can be “apparent”, it must be reminded the reason of JKR team for creating this
theory: the apparent contact radius (a;xr in Fig. 1.18a) was revealed to be higher than radius predicted by
Hertz theory (ager in Fig. 1.18a). Consequently, the real radius is larger than in Hertz theory, and as Maugis
& Pollock (1984) [131] said, the force required to obtain a given radius is lower than in Hertz theory. This is
why a given contact radius is associated to a force that can be calculated through Hertz theory, a force that is
however “apparent” and not applied in reality.

To find the real load F applied between particles, it is necessary to solve the previous equation, via a classical

second degree polynomial resolution on the variable F:

F = Fyp — 1 /67F, WR* (1.47)

As it was said, it is possible to consider the apparent load as a classical Hertzian force (defined through

Eq. (1.14)), which gives:
4E* g / 3
F, = Rr 8rWE*aygr (1.48)

And where, if adhesion is neglected (W = 0), the load comes back to the original form of Hertz theory, as
defined in Eq. (1.13). This form, or at least the adhesive term, is a common result that is introduced in many
papers (Maugis & Pollock (1984) [131], Chokshi et al. (1993) [144], Parteli et al. (2014) [145], Coetzee (2020)
[146]), but the demonstration is rarely developed. Facing the result of Eq. (1.48), we can observe that it is
impossible to apply this formula to the problem and solve it thanks to geometrical and rheological properties.
Indeed, according to Coetzee (2020) [146] and Thornton (2015) [140]:

2
. ayKr 47TW(ZJKR
By = —p = = (1.49)

Where, once again, neglecting the adhesion leads to the original Hertzian radius defined by Eq. (1.12).
The non-linear relationship demonstrates the difficulty to compute the contact radius, and by consequence
the normal force, directly from dynamic parameters. To improve computation, the adhesion model used in
LIGGGHTS uses a lookup table of pre-computed values, as proposed by Marshall (2009) [147].
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Finally, the computation of the tangential component of contact force is the same as the HM law. However,
an issue can appear concerning the friction criterion. Indeed, this adhesion model can present a normal state
of equilibrium between both particles even if they are in contact, i.e. the normal force component is null. The
classical friction criterion defined in the main constitutive equation Eq. (1.16) would consequently lead to a null
tangential component. This question was already tackled by Thornton (1991) [148], who defined an extended

surface energy dependent friction criterion:
ktét < M(Fn,spring + 2FJKR) (1-50)

The model defined through Eqs. (1.37) and (1.48) to (1.50), able to come back to the whole HM law only
by setting W = 0 J/m?, is then called the “JKR law” in this manuscript. The LIGGGHTS version of this model
is the user-made code developed by Eidevag er al. (2019) [141], introduced in [149]. The version used in this

thesis is the version available in the “Flexible Fibers” version proposed by Schramm [150].

1.2.3.c Breakable bond: the PC law

The breakable bond model is built on a simplified spring/dash-pot modelling of an inter-particle bond. The
technique was originally introduced by Potyondy & Cundall (2004) [151], in order to model cracks mechanisms
within rocks. It consists in keeping the original contact law (in our case, the HM law) and adding in parallel a
supplementary law that simulates the presence of a virtual bond (dashed rectangle in Fig. 1.18b). To do so, this
law creates additional forces added in parallel to main contact forces defined through Eq. (1.16). The forces

and the associated torques are incrementally defined by:

—>

AFy = KuSp Mijjn
AF; = KiSy Ayijjs
§ —— . (1.51)
AMy = Kt JppA0;i
- 1 .

Where A)(—Z/; and ATZ/; are the increments of relative displacements, respectively translational and angular.
More complete approaches even proposed the consideration of a damping component of these parallel forces.
For example, Guo et al. (2013a,b) [152], [153] implemented a damping reaction through a damping coefficient
n. However, considering the quasi-static state studied here (this aspect is discussed in Section 2.4.3 and for a
reason of simplicity, the damping reaction was set to zero (n = 0 N.s/m).

Generally speaking, each bond is created with given length L;, radius Rj, Young’s modulus E;. The length
Ly (also called “equilibrium distance”) is defined as the initial distance between particles at the creation of the
bond. As for Ry, it is defined as a ratio of the minimum radius of both particles. Indeed, Potyondy & Cundall
(2004) [151] proposed the ratio Y (between 0 and 1) to reduce the size of the bond, i.e. R, = Y min(R1, Ry).
Considering the studied case, because the particles of electrode are entirely mixed in a mixture of binder, it was

decided to select the highest radius of the bond, i.e. Y = 1, as schematised in Fig. 1.18b.
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These parameters finally give the necessary terms previously introduced in Eq. (1.51)

Rb = min(R1,R2)
Sb = ”sz
1 4
Jnw = E”Rb (1.52)
Ep
K, = =%
n Lb
Ey
K =
LT 20,1+ w)

After its creation, the bond influences the contact forces until it breaks. More precisely, the presence of the

bond is determined by two criteria, respectively tensile and shear, defined by the following formulee:

E, M, R

o= 4+2-" b~ Omax
F N MR, -

T = — T
Sb a2 e

If at least one of the criteria defined in Eq. (1.53) is not respected anymore, the bond is irreversibly broken
and its forces and torques are removed from dynamics computation. As a particular case, it is noteworthy that
if at least one of the maximum values of shear and tensile criteria is null (omax = 0 Pa or 7o = 0 Pa), all the
bonds of the particles bed are immediately lost and then the model immediately comes back to the classical law
used, in our case the HM law.

It is proposed here to call this model the “PC law”. It was implemented in LIGGGHTS through the work
of Schramm et al. (2019) [154], initially in [155] (today deprecated). The version used in this thesis is also the
one proposed by Schramm [150].

1.2.3.d Illustration of sticky laws

Even if they are quite different, these two sticky laws share a common point: they present a stable equilibrium
point in their force-displacement curve at the opposite of the HM law. A stable equilibrium point is defined,
when plotting the force as a function of the overlap, as a positive derivative slope at the intersection of the curve
with the zero of force axis. Indeed, in this case, increasing the overlap creates a repulsive force and decreasing
the overlap creates an attractive force, engendering a convergence to the equilibrium point.

To better illustrate what both JKR and PC laws bring to the contact model, let us see a little example focused
on the normal direction of a particles pair. Let us consider a particles pair z-axis oriented, with same radii of
1 um (see Fig. 1.19a). The bottom particle is frozen in space and the top one is moved with controlled velocity
along the z-axis. The curves then display the force-displacement curve.

The test for JKR law consists in an initial distance between particles (5 init = —50 nm), followed with
an overlapping move (v, < 0 um/us, until §, = 100 nm) and finally a detaching move (g, > 0 pm/us, until
8: = —100 nm), as plotted in Fig. 1.19b. Set with a work of adhesion 100 J/m?, the JKR law begins when
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particles surfaces meet (5, = 0 mN) and immediately creates an attractive force (F, < 0 mN) whose evolution
is similar to a Hertz law. In consequence, a stable equilibrium overlap appears (grey diamond that presents a
positive derivative slop) and the particles, if not submitted to any other external force, can endlessly remain in
contact. At the opposite, the Hertz law presents an unstable equilibrium point (point (0,0) of force-displacement
curve), due to the null slope of its derivative. The noticeable value of the JKR curve is of course the pull-of
force, as defined by Eq. (1.37). By applying this formula with R = 1 um and A = W = 100 J/m?, we get a
value of around 0.236 mN. Thus, Fig. 1.19b elegantly demonstrates the sense of this value: it corresponds to
the minimum amount of traction force required to detach both particles (lowest point of JKR solid curve). The
advantage of the JKR law is to introduce a permanent attractive force and, first, reversible. Indeed, after the
loss of contact (brief rupture after the lowest point of JKR solid curve), the force scheme is able to begin again.

When it comes to the PC law, the test must be more diversified to capture its real characteristic. Indeed,
the equilibrium point of JKR law is unique for each pair values of radii and work of adhesion, but this is not
the case for the PC law: the equilibrium point also depends on the initial distance between particles at the
creation of the bond. Let us take the same example, with the same succession of two moves (overlapping and
detaching) but with two different initial overlaps when the bond is created: the particles are already overlapped
(“In” case, ,,init = 50 nm) and the particles are not in geometrical contact (“Out” case, §,init = — 50 nm).
Let us also fix a maximum stress value such that the bond never breaks (omax = Tmax — ©0). Fig. 1.20a
clearly shows two different equilibrium points (grey diamonds) and we then distinguish two cases. When the
bond is created with an initial overlap of particles (“In” case), the equilibrium point verifies the following
condition: 0 < &y,equ < Op,init- When the bond is created with an initial space between particles (“Out” case),
the equilibrium is directly defined: 5n,equ = Jy,init- In other words, as long as it is present, the bond keeps
the memory of the initial bond length (through the value L;). Thereby, the force evolves linearly when the

particles are not in geometrical contact (§, < 0 pm) and quadratically when they are overlapped. Another

0.6
=== Hertz ’
— JKR o
0.4
z
s 02
=0
0 -
—0.236
100 -75 50 25 0 25 50 75 100
On [Nm)]
(a) Particles pair (b) Force-displacement curve Hertz/JKR

Figure 1.19: Simple test for JKR law illustration — a) Particle pair for sticky laws’ illustration: bottom particle
is frozen in space, top particle is velocity controlled. b) Force-displacement curve: v —> initial overlap, ¢ —
equilibrium overlap, | — final overlap
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Figure 1.20: Simple test for PC law illustration: v —> initial overlap (bond creation), | — final overlap, ¢ —
equilibrium overlap, > — bond break — a) Force-displacement curve without break: the "In" case begins with
an initial overlap of 50 nm, the "Out" case begins with an initial distance between surfaces of 50 nm. b) Force-
displacement curve with break: the “Traction” case pulls on the bond and the “Compression” case pushes on
the bond.

important feature to have in mind is the ability of the bond to break as in traction as in compression. In this
sense, Fig. 1.20b draws the force-displacement curves of two symmetric cases, where the bond is created
with a null initial overlap (J,,init = 0 um), with a maximum stress value lowered enough to make the bond
break. In the “Traction” case, the particles are detached first and in the “Compression” case, the particles
are overlapped first. In both cases, the bond is broken at the same overlap but differentiated by its sign (grey
stars, &y preak =~ 100 nm). After the break, the force-displacement curve comes back to the classical Hertz law
(black dotted line). Furthermore, when the break occurs, this is a one way step: this specific particles pair now

follows the HM law, without presenting any sticky behaviour any more. The stickiness is then irreversible.

This is what characterises most both JKR and PC laws: able to implement a sticky behaviour of particles,
they are complementary by their reversibility. The JKR law is more inclined to simulate the gluing effect of a
liquid or a viscous glue (electrolyte, undried binder) and the PC law is more relevant in simulating rigidified

glue or inter-blocked particles (dried binder, merged particles).
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1.3 Bibliography conclusion

All the bibliographic work presented above is, first, a review on the “why” of this thesis, built on the core
question that we would rather recall: “Do discrete structure contact properties of an electrode have an influence
on its breathing behaviour?”. We used the general term “electrode”, but we have to remind that the studied
case is the Si/C/Gr anode. Nevertheless, the reasoning will be quite applicable to other types of electrodes, or
even other technologies, as long as the system is composed of a layer of packed particles that breathe cyclically
and notably enough to engender important mechanical consequences.

In this chapter, we mainly took the time to describe a selection of DEM methods and theories, the ones that
are the most efficient in the resolution of the core question. However, the development in this manuscript does
not only focus on this tool, as a succession of DEM simulations. A major part of the content also covers some
experimental validations joined to a rheological approach to improve mechanical measurements of electrode

breathing (see Chapter 4).

As for now, the next chapter enters the details about the DEM model of this thesis: the “Discrete Anode
Model”.






Chapter 2

Description of Discrete Anode Model (DAM)

2.1 Structure of DAM

The “DAM” (Discrete Anode Model) is a proposal for a first approach to build a breathing anode model
with mechanical discrete consideration. The global protocol consists in exploring the parameters that dictate
the contact behaviour, more precisely their role in the breathing behaviour at the scale of the electrode. The
development of this protocol is the point of Section 2.2. Beforehand, it is important to precisely describe what

we are looking for through the DAM, and what we are able to measure within a DEM tool.

2.1.1 Thickness Deltas

The key features of DAM exploration have already been introduced previously, discussed in the thesis position
in Section 1.1.2 and drawn in Fig. 1.5. Both features are the swelling amplitude and irreversibility of the
breathing. Fig. 2.1 presents a schematic view of these quantities, with the swelling amplitude in dashed arrow
and the irreversibility in solid arrow. The important detail to have in mind is the cycle-referencing: each
A is based on the initial value of the associated breathing cycle, thus the reference changes at each cycle.

Mathematically, for a given cycle 7, these quantities are expressed by:

A th !

n+2
thdisch

Ath+1

11T

>

Figure 2.1: Scheme of principal quantities of DAM evaluation: swelling amplitude (dashed arrows) and irre-
versibility (solid arrows).
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Athgw = thgh - thgisch @1
. .
Ath?rr = thgiJsrch - thgisch

2.1.2 Hypothesis

As a recall, the objective is to understand in what an extent the granular media influences the breathing be-
haviour. As a result, the construction of the DAM has to ensure that any variation of swelling amplitude and
irreversibility comes from the granular media itself and not from any other source, in order to avoid as many

interpretation biases as possible. It is consequently built on following Set of Hypothesis 2. A:

(i) The particles are supposed spherical. In reality, the structure is close to the cross-section in
Fig. 5a displaying the non-spherical shape of real particles. Despite this fact, for computation
efficiency and model simplification purposes, the particles are simplified as simple spheres. The
granular structure is detailed in Section 2.1.3.a.

(ii) The particles material properties are supposed constant. It is shown in literature that active
materials present material properties dependent on state of lithiation [53], [156]-[163]. These
properties are simplified as constant values in Section 2.1.3.b.

(iii) The mechanical resistance of liquid electrolyte present in pore volume is neglected. The me-
chanics of solid particles are supposed much significant than the mechanical action of electrolyte.
This is useful to simplify the mechanics of sample presented in Section 2.1.3.

(iv) The anode layer is simplified as a mix of Si/C and Gr particles, then modelled particles exclude
carbon-binder domain particles. The granular structure is detailed in Section 2.1.3.a.

(v) The particles breathe reversibly with constant swelling amplitude. More as a condition than
a hypothesis, this is necessary to ensure that any captured variation of swelling amplitude or irre-
versibility does not come from particles themselves. This aspect is treated in the development of
breathing laws of particles, in Section 2.3.3.

(vi) The inertia of particles is supposed negligible compared to the packing force network, because
of slow cycling. It is technically impossible to simulate breathing using the real cycle period, so
this period must be shortened. However, it is necessary to ensure that shortening this time does not
create inertial effect that generate false breathing behaviour, in other words that the force network
still predominate the particles’ inertia. This aspect is further explained in Section 2.4.3.

(vii) The electrode breathing occurs only along the thickness axis (edge effect neglected). This
is required to match with experimental practice. Indeed, measurements treat thickness and not
volume, through a breathing that occurs only along one axis. The boundary conditions in lateral
directions are thus periodic (detailed in Section 2.1.3.a).

(viii) Top and bottom ‘“plates” that compress the particles bed are supposed flat and not de-
formable. In practice, particles are compressed between two layers: the separator and the copper
collector. These surfaces are modelled by two “plates” (introduced in Section 2.1.3.a). In practice,

both surfaces may present some local deformations, but the latter are neglected in the model.
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2.1.3 DAM reference sample

The whole point of the chosen strategy (detailed in the following Section 2.2) is to start from a well known
DAM reference sample. This reference sample is defined through two main aspects: structure and material

properties.

2.1.3.a Structure

Because no regular pattern or periodicity is observed experimentally in the anode structure (as in Fig. 5a),
the particles bed organisation should follow a heterogeneous enough particle-size distribution (mathematical
function that defines the relative amount of particles as a function of size, in mass or in volume), in order to
avoid any crystallisation of the packing. To this end, five different sizes for each component (Si/C and Gr) were
extracted from anode particle-size distribution provided by Umicore (details about particle-size distribution not
provided in this manuscript for confidential reasons). Afterwards, the total size of the reference sample was
set based on the extracted radii, by following a common rule of representative elementary volume in DEM:
it should be at least ten times higher than the highest particle size. As a result, the final particles’ template
of reference sample counts 1.360 particles, whose radii are comprised between 5.25 and 15.25 um. All these

conditions finally give the final sizes of the sample displayed in Fig. 2.2 where we can distinguish three parts:
> The particles bed composed of a mix of Si/C and Gr particles
> The top plate
> The bottom plate

In this sample, the boundaries in x and y directions are periodic, which means that each particle going

out on one side goes in on the opposite. The size along these directions was set such that the representative

Figure 2.2: Picture of DAM reference sample: particles bed composed of Si/C (in lighter colour) and Gr (in
darker colour), between the fixed bottom plate and the moving top plate (in half transparent). Dimensions:
400 x 400 x 50 um. Boundaries along x and y: periodic. Mass proportion of Si in Si/C/Gr: 5w%.
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elementary volume rule is respected, giving the final dimensions of 400 x 400 x 50 um. Concerning the mass
proportions, the weight fraction of silicon within Si/C/Gr total mass of Swt% (As;) and the fraction of silicon in
Si/C particles is 50wt% (Bs;). The convention of these notations (As; and Bg;) are developed in Section 2.3.2.b.

Finally, based on the work of Sangrés Giménez et al. (2018) [65], the particles bed is calendered under a
range of pressure of 40~60 MPa (6.4~9.6 N considering the DAM reference sample surface). During cycling,
the particles bed is submitted to a constant pressure based on experimental practice: the reference pressure
(Prer) of 0.3 MPa. This value has been chosen because, in practical applications, it is a compromise to obtain the
best mechanical/electrochemical conditions. The details about the calendering and cycling phases are presented
in Section 2.2.1.

All the structure parameters are recapitulated in Table 2.1.

2.1.3.b Material properties

The DAM reference sample is set with a basic Hertz-Mindlin law, whose advantage is to reduce the number of
parameters to fundamental rheological parameters. As supposed in Hyp. 2.A.ii (page 74), these properties are
simplified as constants. Concerning densities, pg; is extracted from literature, whereas pcs; is based on silicon

and carbon densities from Astrova et al. (2020) [164], through the relationship:

msi +mc PSi PGr

— (2.2)
Vsi+ Ve Bsjpc + psi(1 — Bs;)

PCsi =

For Young’s moduli, the values for graphite and silicon/carbon composite are based on literature. The
silicon/carbon composite is hard to estimate due to many divergences, as summarised in Fig. 2.3a. Firstly,
the resources on Si/C composite itself are less common than pure silicon. Secondly, the pure silicon (ranges
with point ends in Fig. 2.3b) reveals to be highly dependent on the state of lithiation, varying from 160 GPa
at a delithiated state to 5 GPa to highest lithiation state. This obviously questions the Hyp. 2.A.ii (page 74)
which supposes that material properties of particles are constant and will maybe constitute an axis for future
improvement of DEM electrode model. In addition, the Si/C composite (ranges with diamond ends in Fig. 2.3b)
is generally softer than the pure silicon, with values varying from 0.5 to 14.7 GPa measured experimentally.
The range of Song et al. (2021) [165], much higher, is obtained by model optimisation to minimise failure
mechanism. As a compromise, a Young’s modulus of 45 GPa was chosen for the DAM reference sample.
Concerning the plates, the material properties of copper have been chosen, as it is the material of the anode
collector. No research priority was made for Poisson’s ratio and coefficient of restitution, as Sangrés Giménez
et al. (2018) [64] already tested that they have a minor impact on the force displacement curve of a packed
particles bed.

Concerning the friction coefficient, the value was much harder to estimate. First, finding a precise figure
for the materials of the DAM reference sample is quite unlikely. Besides, by searching values for materials
close to the current model remains difficult, due to the divergence of observations in literature. First, a no-
ticeable difference of practice exist between the studies on material (ranges with point ends in Fig. 2.3b) and
studies using DEM (ranges with diamond ends Fig. 2.3b). Conventionally, it seems that DEM domain allows

to explore much larger ranges of values for the coefficient of friction, certainly because it is often seen as an
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Sethuraman et al. (2010) [157] *
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Figure 2.3: Review of material properties. Vertical thick lines represent the values chosen for DAM reference
sample — a) Review of Young’s modulus values for silicon (pure and composite). Young’s moduli obtained
in references with asterisk “*” are dependent to the state of lithiation of silicon. CNT: Carbon Nanotubes,
CNF': Carbon Nanofibers. b) Review of friction coefficient values for materials close to DAM reference sample
components. Gr: Graphite, Al: Alumina, St: Steel, W: Tungstene, C: Carbon, GIC: Glassy Carbon, HC: Hard
Carbon, Gl: Glass.
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energetic control parameter, rather than a number with a physical meaning (the material pairs are not even not
detailed in cited references). Finally, the engineering websites [181]-[185] also provides values converging
between 0.1 and 0.2. Finally, a most interesting question made by Ruan & Bhushan (1994) [168], Mate (1987)
[169], Skinner et al. (1971) [170] and Kumar et al. (2015) [171] (five top lines in Fig. 2.3b) is the about the
scale consideration, and especially the very low values measured at microscopic scale (until 0.005). Skinner
et al. (1971) [170] specified that the difference of their values with previous work “probably lies in the scale of
the experiments” and “regions of the surface were selected [... ] to be of high perfection”. In that sense, Ruan
& Bhushan (1994) [168] ask the exact question we are facing: “Why is the atomic-scale coefficient of friction of
graphite so small compared with its macroscopic counterpart?”. Their conclusion goes in the same direction:
the surface orientation has an important role in the frictional behaviour and a ploughing mechanism may be at
the origin of higher values for macroscopic measurements. Facing all these discrepancies, it was decided to
choose for the reference sample a value that globally fit the best all these references, i.e. y = 0.1.

All the material properties are summarised in Table 2.1.

2.1.4 Time step

When it comes to incremental calculation over time, the choice of the time step is the first question met before
any computation. This is particularly the case for the anode that present little particles (1 to 10 um) and long
phenomenon period (several hours), giving birth to tremendous amount of time steps to compute. This is why
it is necessary to choose the time step wisely. In a general way, the methodology is to choose a time step
corresponding to a fraction of a “critical time step”, this value being physically determined by the problem. To
quantify precisely this value, Otsubo et al. (2014) [192] listed three main approaches to calculate the critical
time step:

> The oscillation period of a spring/mass system with a single degree of freedom

> The characteristic time of Rayleigh wave speed

> The Gerschgorin’s theorem based approach

The first definition was used by Cundall & Strack (1979) [93] who met the computational issue, especially

with the restrained computing capacity of their 250 Ko memory cored minicomputer. This critical time step was
defined by considering the simple case of single degree-of-freedom system of a mass m connected to ground
by a spring of stiffness k. Afterwards, Hart er al. (1988) [110] detailed this time step in order to minimise it,

through the formulation:

m .
Atc,Cundall =2 Zk::; (23)

Where M is the minimum particle mass and kpax the maximum particle stiffness. However, this defi-
nition is not immediately meaningful in a DEM model based on Hertz-Mindlin law. In fact, the definition of
critical time step for the Hertzian model is more controversial. This is why the approach considering the char-
acteristic time of Rayleigh wave speed is also considered, as proposed by Thornton & Randall (1988) [106].
In their case, they consider the three existing types of wave motion that occur at contact between particles:
dilational (or compressional or pressure) wave, distortional (or shear) wave and Rayleigh (or surface) wave. By

using the study of Miller & Pursey (1955) [194], where it is concluded that for a single-element radiator on
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Type Parameter Notation Value Source
Dimensions - 400 x 400 x 50 ym Repr\?s;:f;?;izzs;?ﬁzmmy
Calendering thickness thea 50 um Experimental practice

o Total number of particles Npart 1,360 Experimental practice
§ Radii range - 5.25 ~ 15.25 um Umicore ?
% Calendering pressure range - 40 ~ 60 MPa [64], [68], [71], [85]
Cycling pressure Pret 0.3 MPa Experimental practice
Si weight fraction in Si/C/Gr As;i Swt% Experimental practice
Si weight fraction in Si/C Bsi 50wt% Experimental practice
""""" SUCdensity  pes 207gkm’ (64
Gr density PGr 2.22 g/cm’ [64], [186]
Plates density Pwalls 8.96 g/cm3 [173], [187]
—  Si/C Young’s modulus Ecsi 45 GPa Fig. 2.3a
é Gr Young’s modulus Egr 15 GPa [186], [188]-[190]
= Plates Young’s modulus Ewalis 130 GPa [187], [191]
Poisson’s ratio v 0.3 [63], [64], [189]
Friction coefficient u 0.1 Fig. 2.3b
Coefficient of restitution e 0.25 [64], [65]
0 Timesep oAt 2ms [106], 11921, [193]
/ Contact law HM - Section 1.2.1.b

4 Details about particle-size distribution not provided in this manuscript for confidential reasons.

Table 2.1: Parameters of DAM reference sample.

contact with a semi-infinite solid, the Rayleigh waves account for 67.4% of the radiated energy in comparison
with compressional waves (6.9%) and shear waves (25.8%), Thornton & Randall then assumed that all the
energy where transmitted by the Rayleigh waves, finally opting for its characteristic time. By adapting it to

minimise with the problem settings, this time is defined as:

(2.4)

TR min 2,Dmin ( 1+ Vmin)
Ach,Thornton =

0.1631vmax + 0.8766

E max

Finally, Otsubo et al. (2014) [192] also rigorously criticised these approaches, introducing another time step

definition based on Gerschgorin’s theorem, similar to Cundall critical time step:

Mmin

2.5
kmaxCNmax ( )

Atc,Otsubo =
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Where CNpax is the maximum coordination number, i.e. the maximum number of contacts per particle.
They specified that the Rayleigh wave speed approach was valid only at low stress levels (CN < 15). To
replace this criterion, they advised to use the approach based on Gerschgorin’s theorem, with a recalculation of
critical time increment during simulation, in order to optimize calculation and, consequently, avoid unnecessary
waste of resource and energy. Ramirez-Aragén et al. (2018) [193] presented a rich test protocol to test different
critical time steps. Even though, they precised that any method to find an optimal value of time step is not
universal. As a consequence, it is always necessary to study each problem separately. Considering the DAM
that uses a Hertz-Mindlin law and a set of particle-size distribution/Young’s moduli/pressure not high enough to
reach the critical coordination of 15 delimited by Otsubo et al. (2014) [192], it was decided to use the Rayleigh
wave-based definition, i.e. Eq. (2.5).

The value used for the DAM reference sample is then equal to 2 ns (see Table 2.1), which correspond to

32,5 % of Atc,Thornton .

2.2 Simulation structures

As introduced in the beginning of this chapter, the main objective is to determine the ability of the DAM pa-
rameters to reproduce the observed experimental behaviours. But what are these parameters, and why choosing
some rather than others? An important step has been to consider the parameters of the tool and to estimate their
relevancy in the battery context. For example, the coefficient of restitution, defined as the ratio of the relative
velocities before and after collision of two particles, is not really relevant in a particles bed, especially when
considering the Hyp. 2.A.vi (page 74) (quasi-statistic particles bed). Compared to it, the friction coefficient
seems much more susceptible to play a role in the particles’ reorganisation, as it prevents more or less the parti-
cles to move. The main process applied to the DAM is consequently to focus on the parameters that are battery
context coherent and that were detected to be the most influential on the breathing of the anode. As a result, the
strategy used in this manuscript is a standard succession of sensitivity analyses, starting systematically from
a defined example (that we will call “DAM reference sample”), in order to analyse the influence of different
parameters. The details about the studied parameters are developed in Chapter 3.

In this aim, a multi-level process of analysis has been especially designed for the DAM. All the points of

the current section is to describe how:
> a single simulation is composed (Section 2.2.1)
> multiple simulation compose a unique sensitivity series (Section 2.2.2)

> multiple sensitivity series compose a statistical analysis (Section 2.2.3)

2.2.1 Level one: simulation phases

In the previous sections, we mainly addressed the particles bed itself, but not how it is generated. In practice,
several methods exist in DEM to generate a particles bed. For the DAM, the choice of the particles bed
generation was inspired from the electrode manufacturing itself. In reality, it involves mixing the particles

in a solvent, coating this slurry onto a current collector, evaporating the solvent in an oven and then calendering
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it between two rolls. To match with this practical process, three main phases are finally defined for a given
DAM simulation, as represented in Fig. 2.4 (three last images):

> The “calendering phase”

> The “relaxation phase”

> The “cycling phase”

The Calendering phase consists in randomly generating the particles (based on a given particle size distri-
bution), letting them rain without friction on the bottom plate and compressing them with the top plate until
it reaches the calendering thickness th., (equal to the value in Table 2.1). The number of particles was cho-
sen such that the resulting calendering pressure is between 40 and 60 MPa (range based on Sangrés Giménez
et al. (2018), [64]). The Relaxation phase consists in letting the particles bed relax until the total force on the
top plate reaches at a given pressure. The Cycling phase consists in making particles breath periodically and
maintaining the pressure constant via a PID (Proportional-Integral-Derivative) controller adapting the top plate
displacement. The input pressure of the PID depends on the simulation itself (equal to P.¢ by default, unless

otherwise specified).

Particles generation and rainfall Calendering

Cycling Relaxation

Figure 2.4: Phases of a simulation. From start to end: generation of particles and rainfall, calendering
(compression at th.,, horizontal dashed line), relaxation (relaxation of particles bed and stabilisation at input
pressure), cycling (breathing of particles). Dashed line represents the calendering thickness (they).
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2.2.2 Level two: variation of studied parameter

The basic strategy of a sensitivity analysis consists in applying a set of Nyaes different values for the studied
parameter on the DAM reference sample. Thus, Nyaues simulations are necessary, and each simulation is
differentiated from others by the value of the studied parameters. This set of simulations is called a “sensitivity
series”. However, an important aspect should be underlined: depending on the studied parameter, the instant
when this parameter is set can change. It means that, for example, when the parameter is set at the middle
of all simulations, the results must be identical during the first half. In our case, the studied parameter can
be set during the particles’ generation, just before the relaxation, or just after. This gives birth to three types
of sensitivity series, differentiated by their “fork™ structure, as represented in Fig. 2.5. Each is defined by a

different instant at which the sensitivity analysis parameter is set:

> The “pre-calendering” series (setting before calendering phase, at the beginning of simulation)
> The “pre-relaxation” series (setting between calendering and relaxation phases)

> The “post-relaxation” series (setting between relaxation and cycling phases)

2.2.3 Level three: multi-sensitivity-analysis tree

Despite the sensitivity analysis of a given parameter, the initial particles distribution presents a non-negligible
statistical dispersion. In this optic, a systematic statistical analysis was carried out by multiplying the sensitivity
analysis (“fork” structure) Ngrws times in order to create a “statistical series”, as schemed in Fig. 2.6. At each
“fork” structure (a, b, c, etc.), the randomness of particles generation is changed in order to create a different
bed that still match the particle-size-distribution but with a different initial positions. As a result, a global
statistical series is composed of Ngraws X Nyaes Simulations, where Ngraws has been fixed to 10. Finally,
the final quantity displayed for results is obtained by a branch-to-branch statistical merging, converted to a

mean/standard deviation pair. By posing 7 € [1, Nyaues] = [1,2,3,...] the index of the studied parameter

Cycling

| |
I | I I I | I Relaxation
I [ I [ N O A I I
N R S B i

I I .
: : : : : : | | Calendering
R I I O I I
Pre-calendering Pre-relaxation Post-Relaxation

Figure 2.5: Scheme of simulation “fork” structure configurations. Each arrow represent a simulation: the
orientation gives the time direction — Pre-calendering: setting of studied parameter before calendering phase,
Pre-relaxation: setting of studied parameter between calendering and relaxation phases, Post-relaxation: set-
ting of studied parameter between relaxation and cycling phases.
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Figure 2.6: Scheme of multi-sensitivity-analysis tree for statistical analysis. Nyges calculations done by vary-
ing a physical parameter, Ngyqs Sensitivity series done by varying the initial random particle distribution.

(number subscripts in Fig. 2.6) and 7 € [1, Ngaws] = [a,b,¢c,...] the index of the sensitivity analysis (letter

subscripts in Fig. 2.6), it means:
yr = yr £ U(y:) (2.6)

Where 7 represents the mean value and U(y;) the absolute uncertainty of the variable y;. They are more

precisely defined through the standard mean/standard deviation formulz:

( 1 Ndraws
yr= Ndraws ; ]/T,j
$ 2.7)
1 Ndraws >
00 = \| Ny 2 (5770

2.3 Implementation of electrochemistry

2.3.1 Breathing law introduction
2.3.1.a Definition

We still have to keep in mind that, despite the description of the anode microstructure through DEM, the
electrochemistry remains at the core of the studied technology. By consequence, the implementation of elec-

trochemistry within the DAM is necessary. To come back at the core of the subject, which is breathing of the
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particles, we then have to find a way to establish breathing laws of particles based on electrochemical perspec-
tives. More precisely, from a DEM perspective, a “breathing law” is an equation that evaluates, at each time
step, the volume of a given particle. Of course, from an electrochemical perspective, the volume is lithium
content dependent and this is the main point of the following electrochemical development.

To develop this, let us state the Set of Hypothesis 2.B:

(i) The material of a particle is pure and homogeneous: each Si/C particle is composed of sili-
con and carbon black only and each Gr particle is composed of graphite only. Consequently, the
swelling of Si/C follows a mixture law of silicon (Si) swelling and carbon black (C) swelling.

(i) All the particles are at the equilibrium potential: the potential of each particle is equal to all
other particles potential.

(iii) The lithiation of particles bed is homogeneous: all particles lithiate and delithiate synchronously,
without any delay due to position.

(iv) The carbon of Si/C composite is electrochemically passive: only silicon and graphite lithiate and
delithiate due to the negligible capacity of carbon. Consequently, the carbon black (C) breathing is
null.

(v) Galvanostatic charge and discharge: the anode is charged and discharged at constant current.

(vi) The active materials (Si and Gr) are supposed fully delithiated at the initial time.

Now, let us consider a material A that represents Si/C or Gr. By supposing Hyp. 2.B.i (page 84), the elec-
trochemical equation of this particle would be the same as any other one of same material, but not necessarily
their volume. It is then reasonable to generalise the volume of this particle to a dimensionless volume that we
will call “relative volume”, defined as:

Va(t)

va(t) = v, (2.8)

Similarly, for the particular case of a spherical particle, we can define a “relative diameter”:

D, (t
d(t) = Si ) 2.9)

In this case, due to cubic relationship, both breathing laws are directly equivalent:

dy = /oy (2.10)

Both v, and d relative parameters are then strictly positive numbers whose value is equal to 1 at f = 0 s.

This constitutes a good point to start the building of our first law: the linear breathing law.

2.3.1.b Linear breathing law

The linear breathing law consists in considering at least one of the relative parameters v, and d, linear over
the time. For our case, it is more relevant to consider the volume as linear, due to Hyp. 2.B.v (page 84) of
charge/discharge constant current. Moreover, a linear function of breathing is nothing else than a triangular

function whose period and amplitude values are adapted to fit the problem. Thus, it comes:
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v(t) = vy + vy trig(t) (2.11)
Where trir is the triangular signal of period T and amplitude 1 and:

0,1(0) =1 =701

01 = 1
T = (2.12)
0) <2> = U)max = N1 + 02 U2 = U)max — 1
So it finally gives the final form:
t t 1
oA(t) =14 2(0imax =) 7 = | 7 1 5 (2.13)

Where ) may is the maximum value of v;. The computation for the relative diameter is then directly obtain

t—{t+1H (2.14)

through:

dl(t> =23 1+2(v/1,max_1) T T 5

On one hand, as it is further explained in Section 2.4.3, the value of the period is physically meaningless and
can be reduced as long as the dynamics remain quasi-static. On the other hand, the estimation of v ;,x is much
harder to estimate precisely and require deeper electrochemical perspective. To do so, the following sections
develop the home-made model used to compute the complete electrochemical breathing law, from which we

can derive the value of V) max.

2.3.2 Naming conventions
2.3.2.a Capacity

The capacity of a battery indicates the amount of current a battery can supply over time. It can be expressed
absolutely (Ah) or specifically in weight or volume (Ah/kg or Ah/m?). For reasons of clarity, the notation Q is
used to designate an absolute capacity (Ah) and the notation C for a specific weight capacity (Ah/kg).

2.3.2.b Material designations and weight fractions

The definition of a weight fraction necessarily goes with the definition of a mass of reference (denominator
mass of the fraction). In order to use a clean mathematical notation for equations, it is proposed to state
the following convention of a weight fraction variable name: an upper case Greek letter that corresponds to
a defined group of materials (denominator mass), then a subscript lower case Greek letter that corresponds
to the concerned material (numerator mass). Thus, different definitions of weight fraction can rise from this
convention, depending on the group of material. Here, the particles of the DAM are restrained to the following
materials: silicon, carbon black and graphite. It means that the mass of all other components (binder, electrolyte,

etc.) are not considered in weight fractions. We can define these following combinations of weight fraction:
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> o and A are related to all studied material (Si, C, Si/C or Gr)
> f and B are related to silicon composite materials (Si or C)
> vy is related to active materials (Si or Gr)
> Ais related to silicon composite and graphite (Si/C or Gr)
In these notations, we have to read:
> a € {Si, C, CSi, Gr}, A is composed by Si + C + Gr
> [ e {Si, C}, Bis composed by Si + C
> y e {Si, Gr}
> Ae {Si/C, Gr}
By extension of these notations, we define two main types of weight fraction: the “global weight fraction”
(Si/C/Gr mass at denominator) and the “composite weight fraction” (Si/C mass at the denominator).

The “global weight fraction” is then defined by:

m m
Ay = @ = e (2.15)
msi + mc + MgGr ma

And the “composite weight fraction” by:

Bo— M _ " (2.16)
ﬁ_m5i+mc_mg '

As it was detailed in Table 2.1, we have for the DAM reference sample Ag; = Swt% and Bs; = 50wt%.

These definitions give an interesting condition on Ag; and Bg;, because:

Agi — Bsi — MGy _ % _ (2.17)
Y1+ m;”f;nc msi +mc  Asj

Hence, to respect the positiveness of the mass ratio, we necessarily have:
Asi < Bgj (2.18)
When Ag; = Bg;, the anode is in full Si/C composition (no graphite at all).

2.3.2.c Volume fractions

Using the same logic, some equations developed in the following sections require equivalent fraction but in
volume, noted here with a supplementary V in superscript. Using the same structure of Eq. (2.15), we get the

volume fraction of Si/C in Si/C/Gr:

Vesi _ Vesi o _ 1
Vsi+Ve+Vor  Vesit+ Vor 14 2

PGr Mcsi

Alsi = (2.19)

And by using Eq. (2.17), it comes:

Alsi = (2.20)
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2.3.2.d Lithium content

Usually noted x, the “lithium content” (or “Li content”, also called “lithium concentration™) is a positive
number that designates, for a given active material (here, Si or Gr), the atomic ratio of lithium within this
material. For the silicon, the proportion is defined by the formula Li,Si and the amount of lithium can reach a
theoretical amount of x = 4.4 [29], [31], [32], [42]. Of course, this value remains theoretical and reaching it
requires specific experimental conditions. It mainly constitutes here a physical point of reference independent
of temperature. For the graphite, the proportion is defined by the formula Li,Cg, and the theoretical maximum

stated by electrochemical is x = 1 [31]. Consequently, the ranges of Li are:

0<x<44 = XSi,max,theory in Li,Si
2.21)
0<x<1

X = XGr,maxtheory 1N LixCsg

Here, the “C” of LiCg represents the carbon of graphite (and not carbon black of Si/C composite). The

advantage of lithium content is its direct link to the component capacity. Indeed:

. nioon Xy
Liy,py, = — = L =y, = - (2.22)

Xy Yy Yy

Because one atom of lithium represents one electronic charge stored, the total weight capacity is given by:

niet A xypetA xemA

ny Yymy Yy,

(2.23)

C, =

Where e is the elementary charge, A the Avogadro constant and mj, the molar mass of the material y (Si
or Gr). Hence, considering the following constants:
> e~ = 1.602 176 634 x107"° C, [195]
> A =6.022 140 76 x10% mol ™!, [195]
> mg; = 28.085 g/mol, [196] (average value)
> g, = M = 12.106 g/mol, [197] (average value)
And considering the maximum theoretical lithium contents fixed by Eq. (2.21), the maximum theoretical

capacities that silicon and graphite can store are respectively:

CSi,max,theory ~ 4199 mAh/g (2 24)

CGr,max,theory ~ 369 mAh/g

Which well represent the values presented in Section 1.1.1.

2.3.3 Electrochemical development
2.3.3.a Relative volume as a function of lithium content

When it comes to the relationship between volume and lithium content for silicon and graphite, the works

of Dahn, Beaulieu, Louli et al. are generally the first references met in literature, already reintroduced by
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Vidal (2021) [40]. The paper of Louli et al. (2017) [30] is certainly the most complete approach of breathing,
proposing a model to calculate the volume expansion of a full cell (including positive electrode), starting from
electrochemical properties of electrodes components. For this work, they used previous data generated by the

team over the years.

More precisely, the data for silicon was extracted from Beaulieu et al. (2003) [42] where is reported the
volume change of various active material films (crystalline aluminium, crystalline tin, amorphous silicon, and
silicon/tin compound), revealing an almost linear evolution of the relative volume as a function of the lithium
content. Moreover, the data for graphite are extracted from Dahn (1991) [198], where the author focuses on the
phases of Li,Cg for a lithium content x going from O to 0.5. Finally, the data for graphite for the second half

lithium content range (until full lithiated) come from a previous work, Dahn et al. (1990) [199].

Exploring further the literature, many other references exist about this type of data. Unfortunately, they
mostly explore the silicon behaviour, and not the graphite, and the results are not perfectly consistent with each
other. Above all, they reveal a higher complexity than a simple linearity of volume expansion. For example,
Jerliu et al. (2014) [32] made an in-operando neutron reflectometry observation on an amorphous silicon film,
galvanostatically lithiated (at constant current) and for two different thicknesses. They observed a clear linear
evolution of relative volume, with initial size independence, with divergent values from Louli et al. (for xg; =
1.7: Louli et al. — vs; ~ 1.98, Jerliu et al. — vs; ~ 2.5). In addition, Huang & Zhu (2011) [31] approached the
issue by using molecular orbital theory. They found a similar swelling behaviour than in Beaulieu et al. (2003)
[42], with a short plateau at the initiation of the charge (xs; < 0.8) followed by an almost linear relative volume.
However, Beaulieu et al. (2013) [42] results plotted in Huang & Zhu (2011) [31] do not fit with the values of the
original paper, which is questionable. Dong et al. (2019) [29] focused on the observation of spherical particles
of silicon using synchrotron X-ray imaging for different size of particles. They showed similar variations of
diameters with Beaulieu et al. (2003) [42] results, but with inconsistent values (for xs; = 3.2: Louli et al. —
vsi ~ 3, Dong et al. — vs; ~ 2.32). They also noticed post-charge particle growth, even during delithiation,
and most importantly an influence of the initial particle size on the relative volume (the smaller the particle, the
less it swells). Recently, Schmidt et al. (2020) [44] precisely observed the volume expansion of silicon using
in-operando neutron reflectometry during a potentiostatic lithiation (constant potential) of an Si active layer,
obtaining a maximum relative volume of 3.25 for a Li content of 3.1 (2.91 for Louli et al. at this Li content), at a
potential of 0.06 V. They especially noticed a non-linear evolution, in contrast to galvanostatic lithiation. About
graphite, Qi et al. (2010) [188] used a computation method to study the influence of lithium content on Young’s
modulus and Poisson’s ratio of lithiated graphite at different phases. They also plotted the evolution of the
interlayer spacing as a function of xg,. They obtained a global spacing expansion of around 8%, which is close
to the result for volume presented by Dahn (1990) [199]. However, the evolution does not show a significant
plateau, certainly because of other parameters that could influence the total volume, such as the diameter.

All these examples shows how hard it is to measure the volume expansion of pure silicon or graphite, facing
a very low scale phenomenon confronted to many other phenomena and uncertainties (SEI formation, mate-
rial impurity, indirect measurement of Li content...). This electrochemical approach also suffers from a lack
of notation conventions, engendering several uncertain references. For example, the initial volume in relative

volume formula is never clearly specified (volume of pure material or volume after a first lithiation and SEI for-
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mation?). In addition, when it is used, the state of charge is incompletely described (i.e. the minimum/maximum
capacities of the cell are not detailed), engendering a misunderstanding of the meaning of 0 and 1. Finally, the
volume expansion is expressed in different ways (expansion rate superior to one, percentage superior to zero,
indirect parameter such as diameter, etc.), making the data difficult to compare and more subject to mistakes.

Similarly to Vidal (2021) [40], it was decided to take the data from Louli et al. (2017) [30] and approximate
the curves to global observations revealed in literature (linear for Si and presence of typical plateau for Gr). The
curves in Fig. 2.7 plot the related data. Let us notice that this data defines v, (related to Si and Gr) and not v,
(related to Si/C and Gr), the required relative volume. To extend the definition, we have to make an equivalency
for the silicon composite.

Thanks to Eq. (2.16), we can link the volume of carbon black to the volume of silicon:

Ve = Msill —Bsi) (2.25)
pc Bsi
The volume V(- remains constant due to Hyp. 2.B.iv (page 84). Concerning the silicon, we can define two

volumes: Vs; o, the initial delithiated volume, and Vs;, the lithiated volume:

ms;
Vsi = vsi Vsip = Usi— (2.26)
Psi
Moreover, at any time, the relative volume of silicon composite is defined as:
Vsi + Vo
ucsi = ————— (2.27)
" Vsio+ Voo
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Figure 2.7: Relative volumes of silicon and graphite as a function of lithium content, raw literature data and
approximated functions. Literature data based on Beaulieu et al. (2003) [42] for silicon and Dahn (1990) [199]
and Dahn et al. (1991) [198] for graphite.
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Where the carbon black volume (V) is supposed constant due to Hyp. 2.B.iv (page 84). Then, by injecting
Eq. (2.25) and Eq. (2.26) in Eq. (2.27), we get:

Bsi pc Usi + psi(1 — Bs;)
Bsi pc + psi(1 — Bs;i)

Uesi = (2.28)

2.3.3.b Lithium content as a function of potential

This relationship is intrinsically linked to a curve type commonly used in electrochemistry: the Open Circuit
Voltage (OCV) curve. It represents the potential of a component as a function of its capacity, its state of
lithiation, its state of charge or its lithium content.

The CEA already measured several OCV of anode components, extracted from the Anastasia Project per-
formed with the partner Umicore and measured with the device used in Chapter 4. More precisely, this data is
expressed as function of the state of charge, considering the maximum as the maximum value reached during
experiment. In practice, an OCV curve is obtained by measuring two physical quantities: the potential (with
pure lithium as reference) and the charged/discharged capacity of cell component during measurement of po-
tential. In our case, the cell was submitted to a constant current. Hence, the capacity on x-axis has a zero
value fixed by the initial state of the component. Thus, the zero value of an OCV curve does not necessarily
correspond to a given state of lithiation, so major parameters are missing: the initial and final lithium content
of the component that we will note X, min and Xy max.

To solve these issues, a point can be noticed: by looking the results of Dahn (1991) [198] and Beaulieu
et al. (2003) [42], we can approximate the characteristic potential of both silicon and graphite for their full
delithiated state, around 1.2 V. This indicates that if an OCV curves presents a potential of 1.2 V, the associated
value of capacity/state of charge corresponds to the delithiated state one (and the sub-amount of capacity is a

parasitic data, engendered by interaction with other materials during the experiment).

Yet, it is possible that some OCV curve do not present this potential. For example, the available curve
for silicon during lithiation has a maximum potential of around 0.86 V (whereas it is expected to be 1.2 V).
In fact, the reason is that during the first charge, the very first introduction of lithium within silicon implies a
very fast decrease of the voltage, as we can see in Beaulieu ef al. (2003) [42]. Consequently, for this curve,
the zero can be approximated to the fully delithiated state. Furthermore, concerning the maximum lithium
contents, they are approximated based on measurements of integrated current during lithiation/delithiation. For
the silicon, this value is around 2,650 mAh/g, and for graphite, 358 mAh/g. We can notice that the maximum
weight capacity for graphite is quite close from the maximum theoretical value (Cgrmax,theory = 369 mAh/g).
However, the value for silicon is quite lower than the theoretical value (Cs;jmaxtheory = 4,199 mAh/g). In
practice, this theoretical value is unreachable at room temperature and the maximum reached during OCV is
around 3,580 mAh/g. Furthermore, to reach this value, it is necessary to highly lower the material potential
(around 5 mV), a value rarely reached in practice (the minimum voltage used in the whole thesis being 10 mV).
In addition, the silicon within Si/C is not pure, often covered by a layer of silicon dioxide (SiO;, also called
“silica”), which also decreases the active amount of silicon. For all these reasons, it was decided to simplify

the OCV to values closer to application. It then engendered the following Set of Hypothesis 2.C:
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(1) For the lithiation OCV curve of silicon, the point at lowest state of charge is considered as the fully

delithiated state (xsj min = 0)

(i1) For the delithiation OCV curve of silicon, the point at U = 1.2 V is considered as the fully delithi-
ated state (Xsimin = 0)

(iii) For the OCV curve of graphite, the point at U = 1.2 V is considered as the fully delithiated state
(XGrpn = 0)

(iv) For the OCV curve of silicon, the point at U = 0 V corresponds to a weight capacity of 2,650
mAh/g (Xsimax =~ 2.78)

(v) For the OCV curve of graphite, the point at U = 0 V corresponds to a weight capacity of 358
mAh/g (XGrmax =~ 0.97)

It finally gives the OCV curves showed in Fig. 2.8.

2.3.3.c Potential smoothing

Nevertheless, when it comes to computation of potential, an issue appears at the end of charge or discharge,
more precisely concerning the silicon potential. Indeed, looking at Figure 8 in Beaulieu et al. (2003) [42] make
us confident about the existence of a hysteresis between the lithiation and delithiation OCV curves of silicon.
Undoubtedly, at the end of each phase, the potential does not “jump” from a curve to another. Unfortunately,
by lack of time, the transition model between both curves was not built on rigorous physics. Instead, a virtual
transition between them was made using a home-made “transitional function” ¢.. It consists in a function

whose source and target sets are both equal to [0, 1], defined as:

8. :[0,1] x R* —> [0,1]

1 (2.29)
(X, §) — X(1=X)5+(1-X) (1-X7)
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Figure 2.8: OCV curves of silicon (Us; ; and U, 5) and graphite (Ug;).
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The advantage of this application the controllability of the smoothness via the “smooth factor” ¢. As
Fig. 2.9a demonstrates, several values of ¢ enables to create from an instantaneous jump at the end (¢ — 0) to
and instantaneous jump at the beginning (¢ — +00), passing by the pure linear transition (¢ = 1). Of course, the
terms “beginning” and “end” do not mean anything without clear definition. In our electrochemical application,
they correspond to minimum and maximum lithium contents Xs; min and Xs; max, and the variable X is a linear
increase of x between minimum and maximum values X € [Xsimin, Xsimax] Consequently, the transitional

OCYV curve of silicon is defined via a linear composition of both lithiation / delithiation OCV curves:

Usi(x) = Usja(x) O ( =~ TSimin > + Us; 1 (x) [1 -0 < *— TSimin >] (2.30)

XSi,max — XSi,min XSi,max — XSi,min
Where x € [Xsi min, Xsimax]- For example, by making a cycling between potential 0.1 and 0.6 V, we obtain
Xsimin = 0.52 and xs; max = 2.48. Finally, the potential hysteresis is set through the reversing of ¢ depending

on the charge/discharge state. For example, for a given input value Gjnpyc Superior to 1, we have:

; ,if charge
- Ginput 23 2.31)
1/Ginput ,if discharge

As an example, Fig. 2.9b shows the resulting smoothed potential of the anode considering a smooth factor
Ginput = 10, with potential varying between 0.1 and 0.6 V. In practice, the potential range is larger, and the

potential varies between 0.01 and 1 V.

2.3.3.d Potential as a function of capacity

Even if the OCV curves may seem not useful at first consideration, they are in reality essential to create a
relationship between both lithium contents (xs; and xg;). To understand this fact, let us make a total capacity

balance on all studied materials:

(a) (b)
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Figure 2.9: Exploitation of transitional function 0. — a) Evaluation of transitional function over several values
of smoothing factor ¢. b) Example of transitional function for potential smoothing with ¢;, = 10.
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e”AXxs; e"AXxgr
Ysi s Yor gy

Qa = Qsi + Qar = ms;j Csi + mgr Cr = ManAsi (2.32)

Once again, ™ is the elementary charge, A the Avogadro constant and mj, the molar mass of the material y

(Si or Gr). The mass m,, is the sum of all active materials: m,, = mg; + mc + mg,. By defining the absolute
capacity of the anode by:

Qan = Can Man (2.33)

It comes the following weight capacity of the anode:

Can = xsi Cg; + xGr C; (2.34)
With:
A
C\ = A~ (2.35)
Yy,

Where y represents Si or Gr. However, the resolution of Eq. (2.34) is incomplete in itself, because two
unknowns are present (xs; and xg;). This is where the OCV curves are crucial. Indeed, thanks to the potential

equilibrium between components stated by Hyp. 2.B.ii (page 84), we have:
Usi(xsi) = Uc(Xar) (2.36)

Fortunately, mathematically speaking, Set of Hypothesis 2.C (page 91) implies that the images of lithiation
and delithiation OCV functions of silicon are included in the images of OCV function of graphite. Conse-

quently, we can write the reverse images of the silicon OCV functions and complete Eq. (2.34) that goes to:
Xsi Cél + llGr_l (USi(xSi)) Cé}r —C;m =0 (2.37)

To find xs;, a Newton-Raphson’s method of root-finding algorithm (from Python library scipy) is used,
and the potential non-convergence is corrected by the more recent Brent’s method (Brent (1973) [200] from

Python library scipy). Afterwards, xg; is simply deduced from OCV curve:
_ -1
xgr = Ugr ™" (Usi(xsi)) (2.38)

2.3.3.e Capacity / Iterative time relationship

The finale step is to link the problem to time, through the anode weight capacity defined in Eq. (2.34). It is

basically an incremental relationship depending on the charging phase (charge or discharge):

Ch=1 4 int ,if charge
ch =™ 4 & (2.39)
Ch=1_jat ,if discharge

Where # is the constant current per mass unit in mA/g. And thanks to Hyp. 2.B.vi (page 84), the initial value
is fixed at C0 = 0 mAh/g.
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2.3.3.f Electrochemical algorithm and final breathing laws

As a global summary of the previous developments, the electrochemical breathing law is based on the follow-
ing algorithm. It uses weight fractions of silicon within Si/C and within Si/C/Gr, current per mass unit, and

minimum/maximum anode potentials to compute the relative diameters of Si/C and Gr and the anode potential.

Algorithm 1: ELECTROCHEMICAL BREATHING LAW ALGORITHM

Input: Asg;, Bsi, j, Umin, Umaxs> Af, Ginput
1 Xsimin = Usig "' (Umax)
2 Xsimax = Usip ™ (Unin)
3 Can = Eq. (2.39), xs; found resolving Eq. (2.37), xgr = Eq. (2.38)
4 v, = Fig. 2.7, vesi = Eq. (2.28), d; = Eq. (2.10);
Output: dcs;, dgr, Uan

With an anode potential varying between 0.01 and 1V, this algorithm gives the relative diameters for both
silicon composite and graphite displayed in Fig. 2.10 (solid curves). By taking their maximums, these curves

finally give us the values that we initially needed in Section 2.3.1.b:

vCSi,maX ~ 1.916 ; dCSi,max >~ 1,242
OGrmax = 1.095 ; dGr,max ~ 1.031

(2.40)

We can consequently deduce the linear volume laws of the diameter using Eq. (2.14), which gives the
dashed curves of Fig. 2.10. As expected, the “linear laws” of diameters are not exactly linear due to the cubic

relationship with volume.

Silicon/Carbon black Graphite
1.25 -
1.03
1.20 -
1151 1021
1
<
T 110
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1.00 1.00
0 0.5 1 15 2
Cycle Cycle

Figure 2.10: Relative diameters of silicon composite and graphite as a function of time (two cycles): electro-
chemical breathing laws in solid line and linear volume laws in dashed line (the resulting diameter laws are
not linear but cubic).
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2.3.4 Implementation of virtual irreversibility

The final step of this electrochemical development is the implementation of a virtual irreversibility in the breath-
ing laws. Even it is opposite to Hyp. 2.A.v (page 74), its utility is explained during the results, in Section 3.3.6.
The idea it to restrain the breathing to one cycle only and to define an irreversible relative volume v} ;.. It gives

birth to a “ratio of irreversibility” 7;, defined as:

Fiw = — 2 2 0,1] (2.41)
O),max — U1

As schemed in Fig. 2.11, the new breathing law is defined, during the shrinking phase, as the sum of the
initial breathing law and the irreversible breathing law:
03(t) = 0a(t) + Vaire(t) Yt €]Feye/2, Feyel (2.42)

In other word, whatever if it is linear or electrochemical, the breathing law is changed to:

) (t ,VEe |0, Foye/2
() = ) 10 Feye/2] (2.43)
U)L(t> + Tier (U/Lmax - UAG)) ’ Vte ]Tcyc/zr Tcyc]
Where we can notice two particular cases:
> When riy = 0, 0, = v,
> Whenry =1, vﬁ = U max during shrinking phase

The equivalent form in relative diameter is then:

d(t) ,Jift € [0, Feye/2]

VA3 + (A g — A3(1)) i 1 € 1Feye/2, Fye]

(1) (2.44)

0U),max
"""""""" Uxmax — 02
----------- v
O)irr = rirr(vmnax —0) )

Figure 2.11: Scheme of virtual irreversibility through 7.
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2.4 Parameters of physical evaluation

This section aims to present several dimensionless numbers used to evaluates the physical reliability of DAM

or to describe its internal behaviour.

2.4.1 Breathing coefficient
24.1.a Introduction to breathing coefficient

The Deltas quantities Athgy, and Athy, introduced in Section 2.1.1 are interesting to evaluate the raw breathing
at electrode scale. However, they miss an important aspect: the transmission of breathing from particles scale
to electrode scale. For this reason, it is proposed to reintroduce a notion already introduced in the bibliography
of this manuscript: the “swelling coefficient” of Gomadam & Weidner (2005) [60]. In order to diversify the
notations, it is proposed to use the Devanagari vowel 3 (pronounced [u] using International Phonetic Alphabet

notation). As a recall, the volume variation of a breathing porous body is separated into two volume variations:
AVhody = AVyoid + AVolia (2.45)

Based on this equality, it is proposed here to introduce the “breathing coefficient”:

. AVbody
AVsolid

eR (2.46)

S

Complementary expressions of this number are possible by exploring the different possible combinations:

AVbody Js
Sy = = R 247
’ AVyoid 35— 1 - ( )
AVioli 1
Tps = 00 eR (2.48)

B AVvoid Js — 1

The subscripts have been chosen based on denominator, by considering numerator as body volume variation
by default: s — body over solid, v — body over void, vs — solid over void. As an example of interpretation,
when 3 tends towards 1, it means that the volume variation of the body is equal to solid volume variation. In
addition, when 3, tends to 0, it means that the body breathing is null and that the volume variation of solid is
fully compensated by the void volume variation. If it tends to 2, it means that the breathing is “balanced”: both
solid and void volume variations are equal. However, 3 is useful to quantify the proportion of breathing that
comes from void and 3 to compare both solid and void volume variations. In a more general way, Table 2.2
guides the interpretation of these numbers.

In the context of electrode breathing, the ideal case would be the “transfer” case (35 = 0): any solid volume
variation is compensated by an opposite void volume variation, and vice versa, implying a null electrode volume
variation. The second preferable case is the “solid breathing” (3; = 1): any solid volume variation is not
altered by a supplementary void volume variation. A less desirable case is the “balanced breathing” (35 = 2):

a solid volume variation generates an equal void volume variation. Finally, the extremely unwanted case is the
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“void breathing” (3; — +o0): all the electrode volume variation comes a void volume variation. Of course,

this case is expected impossible in electrode breathing context, because void is not expected to change by itself.

AVsolid

Limit values .
sign

Name Interpretation

All the solid VYV is transferred to the void volume

AV < 0 Solid t f
solid olid transier AViolia = —AVyoid, AVpody = 0 m’

3, =
I P | I R LR
s = —1 All the void VYV is transferred to the solid volume

AVioria >0 Void transfer
solid AViotia = —AVioid, AVpody = 0 m?
9 = 1/ All the body VV i the solid VV
) . e body comes from the soli
- — / Solid breathin:
Jo +/ w0 5 AVbody = AVsolid’ AVvoid =0 Hl3
s — +/ — @
5 =2 Solid VV i 1to void VV
) oli is equal to voi
= / Balanced breathin
3o 2 & AVsolid = AVvoid
Tps = 1
T =/ e All the bod from the void
. . the body VV comes from the void VV
N / Void breathin
Fo ! 8 AVbody = AVyoids AVsolia = 0 m?
Tps — 07/~

Table 2.2: Breathing coefficient interpretation guides — VV: Volume variation

2.4.1.b Breathing coefficient validity in DAM

In the particular case of the DAM, Eq. (2.45) becomes:
AVanode = AVvoid + AVparticles - AVoverlaps (2'49)

Where we have AVy0de = AVipody. In addition, due to overlapped volume of particles, the particles volume
variation exceeds more or less the solid volume variation, which explains the correction AViolig = AVparticles —
AVoverlaps- Depending on the problem, it is possible that AViyeraps < AVparticles, Which gives the approximation
of AViolid >~ AVparticles- Several tests were made on the DAM in order to ensure that this simplification was valid.
These tests focused on extreme overlapping configurations corresponding met in Chapter 3. For example, an
extreme overlapping configuration occurs when the Young’s modulus E is low, the pressure P is high or the
work of adhesion W is high. As a result, Table 2.3 summarizes the volumes proportions of overlaps over
anode and particles, captured just after the calendering (pre-relaxation) and just after the relaxation (post-
relaxation), for different values of P, E and W. Whatever the configuration, at pre-relaxation state, because

each change of parameter P, E or W is made at this state, all the proportions are the same. They indicate that
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Contact parameters Overlaps volumes proportions
p E W Pre-relaxation Post-relaxation
[MPa] [GPa] [J/m?] Voverlaps Voverlaps Voverlaps Voverlaps
Vanode Vparticles + Vanode Vparticles
- - - P < 0.01% <0.01%
100 - - T T 0.32% 0.47%
- 0.1 - 0.21% 0.31% 0.20% 0.30%
- - 40 l l 0.01% 0.02%
100 0.1 40 5.14% 3.06%

Table 2.3: Overlaps volume analysis during calendering and relaxation phases. Two states captured: just after
calendering (pre-relaxation) and just after relaxation (post-relaxation). Five configurations of these states are
captured, with different extreme overlapping configurations. By default, P = P,y = 0.3 MPa, Ecs; = 45 MPa /
EGr = 15 MPa, W = 0 J/m’.

the overlaps volume represent only 0.21% and 0.31% of anode and particles volumes, respectively. Hence, even
after the high compression of calendering, the overlaps volume is quite negligible. However, the conclusions
are different at post-relaxation state. For the reference sample configuration (default values of P, E and W),
the overlaps volume proportions go under 0.01%. By creating an extreme overlapping configuration through
individual change of P, E or W parameters, the overlaps volume is more predominant, from around 0.02% for
highest W to 0.47% for highest P. Yet, the overlaps volume is negligible in all these configurations.
These figures much facilitate the use of breathing coefficient. Indeed, because of overlaps volume negligi-
bility, Eq. (2.49) becomes:
AVanode = AVyoid + AVparticles (2.50)

Thus, the breathing coefficient does not require taking into account the volume variation of overlaps. Of
course, this conclusion is restrained to these particular cases. For example, by a combination of all these extreme
overlapping configurations (high P, low E and high W), the overlaps volume reach 5.14% of anode volume and
3.06% of particles volume. It means that, on one hand, the overlaps volume becomes non-negligible at all, and
on the other hand, the anode volume becomes lower than the particles volume, which constitutes a physical
limit of the DEM to simulate anode breathing. Fortunately, this particularly extreme case is never met in this
manuscript.

Another interesting point is related to the DEM accuracy when in comes to particles deformation. DEM
does not consider particles deformation, the reason why some volume is lost in particles overlaps. In reality, it
can be imagined that the “overlapped” volume is not absorbed in overlap but displaced around the contact point,
due to surface deformation. Consequently, part of the volume lost in overlap is in fact already present in the
void volume. Theoretically, it reduces the mistake made by measuring the void volume directly from electrode
volume and particles volume. Because it remains a minor uncertainty, this aspect is not precisely evaluated in

this manuscript.
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2.4.1.c Application to DAM

Now that the Eq. (2.50) is verified, it is possible to extend the definition of the breathing coefficient to the

specific parameters of the DAM. More precisely, it becomes:

_ AVanode B S(th — tho)
AVesi+ AV Vesio(vesi — 1) + Varo(ver — 1)

35 (2.51)

Where S is the surface of the top plate, thy the initial electrode thickness at the beginning of cycling, Vcs; o
and Vg, o respectively Si/C and Gr initial particles volumes at the beginning of cycling. This form presents the
advantage to necessitate the initial particles volumes only, rather than measuring particles volumes all along

the simulation. It is possible to simplify this expression using volume fraction of Si/C within Si/C/Gr (A‘C/Si)
defined by Eq. (2.20) in Section 2.3.2.c:

35 = S Ath (2.52)

Viart,0 (Agsi(UCSi -1+ (1~ AgSi)(vGr - 1))

Where V)ur0 is the particles volumes (Si/C/Gr) at the beginning of cycling. In order to simplify the expres-

sion, let us introduce the “reduced surface” through the archaic Greek letter “sampi’”:

S
n= <S (2.53)
Alg(vesi — 1) + (1 — Adg) (v6r — 1)

This parameter does not represent a physic phenomenon but at least gathers all the necessary sample struc-
ture parameters (S and AXSi) and breathing control parameters (vcs; and vg;) in one expression. Then, this only
constitutes a mathematical reduction term for breathing coefficient expression. Furthermore, a specific atten-
tion should be paid concerning the propagation uncertainty, the same uncertainty addressed in Section 2.2.3 due
to random particles’ generation. Indeed, as the opposite to S, AgSi, vcsi and vg, which are model input, Ath
and Va0 are both random-influenced outputs. Then, the breathing coefficient is defined with the following
uncertainty:

s =35 £U(I) (2.54)

Where, as in Section 2.2.3, the hat notations designates the uncertainty parameters (mean/standard devia-

tion): -
~ Ath
35 = 1?);
Vpart,O (255)
a(a-s) = é\-slfr\el(a-s)
With:
aat) ). (Vo) |
@) = | (S (2 hn0) (2.56)
Ath Vpart,O

And where Vjar0 and ﬁ(Vpamo) are computed from the different initial states of a statistical series.
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24.1.d Swelling and irreversibility breathing coefficients

When considering volume variations corresponding to thickness Deltas (Athg, and Athi,), particular expres-
sions of the breathing coefficient appear. For the Delta of swelling Athyy, the reduced surface takes a particular

form, directly based on the maximum relative volumes:

S

Dew = (2.57)
™ AXSi(UCSi,maX -)+(1- AgSi)(UGr,max -1)
Then, the breathing coefficient associated to swelling is defined by:
Athg, _
3-s,sw = ’%SWXQW (1 T urel(a-s,sw)) (258)
part,0

For the Delta of irreversibility Ath,, the definition depends on the context. Indeed, in the case of Hyp. 2.A.v
(page 74), at the end of the cycle, the variation of volume of particles is null (vcsi(Feye) = VGr(Feye) = 1),
hence this is a non-compatible case for the breathing coefficient. Consequently, its irreversibility definition is
only available when irreversibility is implemented within breathing laws. Taking the irreversible breathing law

v}, defined in Eq. (2.43) and by supposing Hyp. 2.A.v (page 74) (constant swelling amplitude) for v;, we get:
vil(Tcyc) =1+ rirr(v/l,max - 1) (2.59)

So by replacing v, by v/, the reduced surface becomes:

Dirr = > _ Do (2.60)

Vier (Agsi(UCSi,max - 1) + (1 - Agsi)(vGr,max - 1)) Tire

Then, the breathing coefficient associated to irreversibility is defined by:

Psw Ath; e
a-s,irr = ﬂ /1\rr 1+ Uye] (gs,irr)) (261)
1T VpartO

Both parameters are important as they are often used in the sensitivity analysis in Chapter 3, based on

interpretation guidelines detailed in Section 2.4.1.a.

2.4.2 Mean coordination number

In a packed particles bed, an interesting feature to observe is the amount of contacts occurring within this bed.
The most simple and common technique to evaluate the level of contact it to measure the average number of
contacts. The DEM software LIGGGHTS easily return the “coordination number” (i.e. number of contacts)
for each particle. Thus, the chosen evaluating parameter is the “mean coordination number” (MCN), which

corresponds to the mean value of all coordination numbers:

Nparl
Z CN; (2.62)
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Where CN; is the coordination number of the particle i, i.e. its number of contacts. The interpretation of

this number is then quite intuitive: the higher, the more contacts between particles, and vice versa.

2.4.3 Inertial number

In the Section 2.1.4 about time step, I specified that the long period of charge/discharge required to choose
the time step wisely, in order to avoid an unreasonable computation time. Nevertheless, even with a judicious
choice of the time step, this is strictly impossible to reach an acceptable computation time.

To obtain an order of magnitude, let us consider the computation time required to simulate one cycle of the
DAM reference sample. In real time, this cycle is equal to one hour (which is actually quite fast in practice).

We have:
Tcyc

Af (2.63)

Tcompute =h

Where T.yc = 1h and 7 is the time necessary for four cores of the cluster to compute one step of the
DAM reference sample. Considering the simulations that have been made for this thesis, the order of magni-
tude was about one hour of computation for around 20 million steps, which gives an approximated value of
h = 180 ps/step. As a consequence, by considering the time step defined in Section 2.1.4 (At = 2 ns), the
resulting computation time for a real-physical-time simulation would be equal to around ten years, which is
obviously impracticable.

Solutions are not abundant to solve this issue. The time % is intrinsic to the computation power and corre-
lated to the complexity of the model (mostly the number of particles). As we saw, the time step At is physically
constrained by the model. In conclusion, for the DAM reference sample, the only solution to reduce the compu-
tation time is to decrease Tyc. The mechanical evolution of the electrode during cycling is quasi-static: inertial
effects are negligible, as stated in Hyp. 2.A.vi (page 74). Thus, the cycle period Ty can be reduced without
changing the result as long as the inertia remains negligible in the system. To evaluate the inertia, the “inertial
number” is particularly useful. Noted T'in this manuscript, it was introduced by Combe & Roux (2003) [201] to
evaluate the dynamic state of a particles bed submitted to a shear flow. By adapting its formulation to maximise

it, it comes:

(2.64)

Where ¢ is the shear rate. Three main regimes are defined based on the value of this number: quasi-static
(T < 1073), dense (107 < I < 107") and collisional (T > 101). At the origin, this number is used in shear flow
case, as in GDR Midi (2004) [202], da Cruz et al. (2005) [203]. Other approaches used this number for packed
bed of particles, as in Roux & Chevoir (2005) [204], Agnolin & Roux (2007) [205]-[207] Radjai & Dubois
(2010) [208], where the shear rate is also defined as a strain rate. To adapt this number to the DAM, the strain

rate is then computed for each step of data save on the disk as:

thh — thh=1

e = —— 2.65
© thiat Naump (2.65)
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Where / is the dumping step and Ngump the number of time steps between each step of data save on the
disk. The value th" and not thy in denominator is taken in order to adapt the inertial number to the new sizes
of particles.

In the end, the new cycle period was set such that the inertial number globally remained under 10*. The
resulting value is Ty = 10 ms. Because it is almost four million times faster than a real cycle at C/5 (10 hours),
this cycle period presents a sense only for computation purpose and not physical analysis. All the time results

are then expressed in cycles in Chapter 3, and not in time.

2.4.4 Stiffness number

The mean coordination number introduced above is a useful number to evaluate the packing level of a particles
bed. Despite this aspect, it presents a lack of information about the level of compression itself. Indeed, a high
number of contacts does not necessarily mean a high level of compression. By “level of compression”, it is
more rigorous to speak about “stiffness level” of the particles bed. This notion evaluates the ratio between the
pressure applied on the particles bed and the rigidity of the particles themselves. For example, reaching a high
level of compression of particles with low Young’s modulus will require a lower level of pressure than with
particles with a high Young’s modulus. Introduced by Combe (2002) [209], the “stiffness number” estimates

this ratio, through the following relationship:

_ ( By \?

As opposite to the inertial number where the maximisation was justified by the will of remaining in quasi-
static regime, the application of stiffness number to the DAM is more difficult, due to the presence of multiple
Young’s moduli and proportions of particles. This is why the formulation of ¥ presents the notation EY, and
not the usual E. The proposed technique here is indeed to define a volume-fraction-based equivalent Young’s
modulus, based on volume fraction of Si/C within Si/C/Gr (AgSi) defined by Eq. (2.20) in Section 2.3.2.c:

E¥ = Als; Ecsi + (1 — Al;) Ecr (2.67)

Considering figures of Table 2.1, we get Ej, ~ 18.2 GPa and, more importantly, ¥ ~ 1644. According to
Radjai & Dubois (2010) [208] (chapter 8), this value indicates a packing of the DAM reference sample particles
bed close to the rigid state (k = 2000 for a mean coordination number of around 6, slightly more for lower
value). By “rigid state”, it means that a variation of pressure leads to a limited deformation of the particles bed.
On the opposite, the state more sensitive to pressure and Young’s moduli, i.e. the state where mean coordination
number is highly influenced by pressure and Young’s moduli, is at K < 1000. Consequently, this first evaluation

predicts that two actions will have the most influential impact on the DAM structure:
> The decrease of the Young’s moduli
> The increase of the pressure
The evaluation of these predictions are developed in the sensitivity analysis of pressure and particles rigidity

in Section 3.3.3.
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2.4.5 Cohesion number

Another relevant number presented by Radjai & Dubois (2010) [208] is the “cohesion number” that charac-
terises the intensity of cohesive forces relatively to the confinement forces. Really useful for the stickiness
models (JKR and PC laws, see Section 1.2.3.b and Section 1.2.3.c), it is generally defined in three-dimensional

space as:
F. sticky

4R2P

For 7 « 1, the system is “non-cohesive” and the sticky forces are negligible compared to the forces of

7= (2.68)

confinement due to pressure, and reciprocally for 7 > 1. Similarly to the stiffness number, an issue appears
in the real definition of the radius due to the complex particle size distribution. For this reason, it is proposed
here to take the mean radius R of the particles bed rather than R. Of course, the definition of the sticky force
depends on the model.

For the JKR law (adhesion), the “pull-of” force expressed through Eq. (1.37) is a good order of magnitude

to estimate this number. By fixing Ry = Ry = R in the expression of R*, we then obtain:

N 3rW

= 2.69
MKR 16RP ( )

For the PC law (breakable bond), it is proposed to extract the normal force from the bond break tensile
criterion of Eq. (1.53), by considering a null normal torque. By taking this criterion at the limit (0 = omax) and
fixing R = R, we get:

~ TT0max

— max 2.7
Mpc ip (2.70)






Chapter 3

DAM results

3.1 Introduction

3.1.1 Simulation overview

Our objective is not only to model the breathing of the electrode, but to understand its mechanical behaviour.
More specifically, we want to predict and understand the amplitude of the reversible and irreversible thickness
increase of the electrode during the cycling. The DEM offers different modelling options for the contacts. The
goal of this section is to determine the impact of each model feature on the predicted breathing of the electrode.

First, the silicon fraction within active material (Ag;) is analysed because one of the technological chal-
lenges is to increase this fraction as much as possible. Hence, the objective is to state if a compromise point
exists between silicon fraction (i.e. anode capacity) and breathing. This analysis is detailed in Section 3.3.1,
considering both linear and electrochemical breathing laws. Second, because the DAM uses spherical particles,
a first technique to simulate the particles with complex shapes is to increase the friction between particles (p). It
is also proposed here, in the same scope, to analyse the extreme case where the particles’ rotation is completely
blocked (w = 0 rad/s). This approach is developed in Section 3.3.2. In addition, the pressure applied on elec-
trode (P) is fundamental in electrode context, and it can be also easily compared to experimental measurements.
In fact, this parameter is closely linked with particles rigidity (i.e. Ecsi and Eg;). For this reason, pressure and
particles rigidity are similarly analysed under the concept of “stiffness level” in Section 3.3.3. Afterwards, the
binder material present in the electrode makes particles cohesive and this certainly contributes to the mechanical
behaviour of the electrode during cycling or under pressure changes. Therefore, adding stickiness in the model
is the simplest way to take the binder into account. This stickiness can be approached in two different ways:
reversibly (attraction can reoccur even after a loss contact) and irreversibly (stickiness is lost after a first lost of
contact). In this optic, the adhesion model using JKR law (see Section 1.2.3.b) is used to analyse the reversible
stickiness in Section 3.3.4, and the breakable bond model using PC law (Section 1.2.3.c) is used to analyse
the irreversible stickiness in Section 3.3.5. Finally, all the previous analysis consider the breathing of particles
reversibly (particles diameters come back to their initial value at each cycle). Thus, the final analysis consists
in varying the particles breathing irreversibility in order to evaluate how this irreversibility is transferred to

electrode level. This is the subject of Section 3.3.6.

105
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As summary, Table 3.1 recapitulates all the DAM simulations with the notations of the sensitivity pa-
rameters, the number of values studied by parameter, the series type (pre-calendering, pre-relaxation or post-

relaxation), the DEM law used, a brief battery-context interpretation and finally the associated section.

3.1.2 Conventions for the observed variables
3.1.2.a Time

As detailed in Section 2.4.3, the raw computed time has been rescaled and is physically meaningless. It means
that a cycling at a C-rate of 1C or C/10 would be the same because the quasi-static configuration of the model
makes it independent of the charge/discharge speed. Hence, the reference time unit is the cycle ¢ (one unit
of time equals T¢yc). In other words, at ¢ = 1, t = Ty, at ¢ = 2, t = 27Ty, etc. Every graph presents
the relaxation phase, the cycling phase, or both. The zero time is at the beginning of the cycling phases so
that negative values of cycle represent the relaxation phase and positive values the cycling phase (the different
phases are defined in Section 2.2.1). A decimal value of time is associated to a fraction of Tcy.. The lower
value of time depends on the display: when starting at the beginning of relaxation, ¢y = -0.01 cycle, and when

starting at the beginning of cycling, cg = 0 cycle.

Variable Series  Contact Battery-context .
Parameter : Nyalues i . Section
notation type law interpretation
Si fraction (linear) As; 6 PreCal HM
Self-explanatory 3.3.1
Si fraction (elec. chem.) Ag;i 6 PreCal HM
Friction/Rotation ulo 4 PreRel HM Particle blo?klng due to 332
non-spherical shapes
Pressure p 8 PreRel HM Pressure on electrode
3.3.3
Particles rigidity E 10 PreRel HM Self-explanatory
Adhesion (before rel.) 44 8 PreRel JKR Reversible 334
Adhesion (after rel.) W 8 PostRel JKR stickiness of binder o
Bonds (before rel.) Stmax 9 PreRel HM +PC Trreversible
I . 3.3.5
Bonds (after rel.) Stmax 9  PostRel HM+PC  stickiness of binder
Part. irr. (linear) Tier 6 PostRel HM Particles irreversible
. 3.3.6
Part. irr. (elec. chem.) Tirr 6 PostRel HM breathing

Table 3.1: DAM simulations summary — Part. irr.: Particles irreversibility, elec. chem.: electrochemical, rel.:
relaxation, PreCal: pre-calendering, PreRel: pre-relaxation, PostRel: post-relaxation, HM: Hertz-Mindlin
(Section 1.2.1.b), JKR: Johnson-Kendall-Roberts (Section 1.2.3.b), PC: Potyondy-Cundall (Section 1.2.3.c)
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3.1.2.b Thickness

When expressed with raw values (using th notation), the initial value is always set to zero at the lower value of
time, as stated in the initial conventions of this manuscript. The displayed thickness is then a thickness variation
starting from a reference value, detailed in the caption with the notation th,.s. This value can be the calendering
thickness thc, = 50 pm or the mean thickness after relaxation. Moreover, the thickness th is always displayed
with relative values, expressed with percentages, on the right axis. These relative values corresponds to the

ratio of the thickness over reference thickness (th/thief).

3.1.2.c Standard deviation

As introduced in Section 2.2.3, all results are based on a statistical series that measures the impact of initial
particles distribution and positions. In all graphs, the surrounding coloured areas around curves represent the
standard deviations at 1o of the statistical series, with Ngws = 10. In text, the detailed values with standard

deviation (£ notation) refer to this measured dispersion.

3.1.2.d Per cycle quantities

Some quantities are expressed “per cycle” (one value per cycle). For example, swelling amplitude Athgy,
irreversibility Athi, and respective breathing coefficients 37, = and 37, are only defined cycle after cycle.
Hence, the superscript integer n indicates the corresponding cycle index (generally 1, sometimes 2, never

more).

3.2 DAM reference sample analysis

Before entering the various sensitivity analyses (Section 3.3), this section aims to analyse the DAM reference
sample, in order to observe the basic behaviours generated by the DEM model. It mostly constitutes a point of
reference for all the sensitivity analyses of next section (Section 3.3). The following analysis is composed of
two different simulations of the DAM set with the parameters of Table 2.1. Each simulation is distinguished
by the breathing law: linear in volume or electrochemical (as displayed in Fig. 2.10). As a systematic protocol,
the cycling is made on four cycles.

As first result, Fig. 3.1 displays a recurrent behaviour of the DAM submitted to a basic cycling process.
As expected considering Eq. (2.64), the inertia of the system is highly correlated with the thickness varia-
tion. Indeed, Fig. 3.1a shows the evolution of inertial number during relaxation and cycling phases, parallel
to Fig. 3.1b that shows the raw thickness variation. The relaxation is much more dynamic than the cycling
phase, with an inertial number reaching 6.8x1073+1.9x10 and dropping fast to 0 (3.1a.®). This behaviour
is synchronized with the particles bed relaxation that leads to a thickness growth of around 5.9+0.2 um until
stabilisation (3.1b.@). During the cycling phase, the inertia clearly depends on the breathing laws. Indeed,
with linear volume laws, more stable over time, the inertial number stays approximately constant (due to the
constant pressure and almost constant displacement of the top plate), at a value of around 7.2x10” (3.1a2.9).

However, with electrochemical breathing laws, the inertia drastically varies depending on the breathing speed,
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showing important drops to zero when the breathing almost stops (3.1a.®). Concerning the force on top plate
in Fig. 3.1c, it decreases during the relaxation of the particles bed, starting from the calendering pressure of
8.5£0.7 N (3.1¢.®) until reaching P.¢. During the cycling phase in Fig. 3.1d, the PID controller shows an effi-
cient stabilisation work, able to keep the force applied on top plate in a range of £0.8% of PID input (48 mN)
despite the particles breathing. Even for electrochemical breathing laws, the fast variation is efficiently damped
by the PID controller. Consistently, the system is slightly over-loaded during swelling and under-pressure dur-

ing shrinking. Finally, Fig. 3.1e displays the evolution of the mean coordination number MCN. Starting from
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Figure 3.1: DAM reference sample analysis (linear and electrochemical breathing laws) — a) Inertial number

(relaxation and cycling). b) Thickness (relaxation and cycling), th,y = 50 um. c) Force on top plate (relax-
ation). d) Force on top plate (cycling). e) Mean coordination number (relaxation and cycling).
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the packed particles bed at 6.3+0.1 (3.1e.®), the relaxation leads to a mean coordination number of 3.8+0.1
(3.1e.®). During cycling, in average, the mean coordination remains quite stable, oscillating around 3.8+0.1
at the rhythm of cycles, which constitute a moderate level of particles packing. It is possible to observe some
noisy dispersion of mean coordination at the end of each cycle, suggested by the high standard deviation. This
singularity is addressed more in details in Section 3.3.1 and Section 3.3.2.

To complete the analysis, Fig. 3.2 presents the swelling amplitude thickness Delta and breathing coefficient
and the irreversibility thickness Delta, as a function of cycles. Concerning the thickness Delta Athsy,, Fig. 3.2a
demonstrates the order of magnitude of swelling amplitude captured by the DAM: around 11 um at first cycle
(3.2a.®). Whatever the breathing law, this value progressively decreases cycle after cycle, until 9.3+0.5 um
for the lowest point (3.2a.@). The electrochemical breathing law presents lower values of swelling amplitude
Athyy, until a difference of around 0.7 um (between 3.2a.@ and 3.2a.®). This suggests an impact of non-
linear breathing of particles on reorganisation of particles bed: non-synchronism between Si/C and Gr particles
breathing enables a better rearrangement and, then, a better void exploitation (this aspect is further discussed
in Section 3.3.6). This “void exploitation” is better evaluated by the breathing coefficient in Fig. 3.2b. First,
the resulting curves are strictly similar to swelling amplitude Athy,,, due to the fact that it entirely depends
on this parameter in the current configuration. In addition, this presents the range where the DAM evolves in
general: between 1.89+0.04 (3.2b.®) and 1.53+0.08 (3.2b.®). As a recall of interpretation guides Table 2.2,
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Figure 3.2: DAM reference sample analysis (linear and electrochemical breathing laws) — a) Swelling ampli-
tude thickness Delta. b) Swelling amplitude breathing coefficient. ¢) Irreversibility thickness Delta.
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a value of 2 corresponds to a balanced breathing (AVparicles = AVyoia) and 1 to a solid breathing (AVypode =
AVparticles and AVyoiq = 0). In other words, the current breathing of the DAM is close to a balanced breathing,
which means that the particles volume change generate an almost equal volume change of void. At the lowest
breathing obtained with electrochemical law (3.2b.®), using the value of Iy = 1.53, the equivalent values
1/34,sw and 1/3 5w are respectively equal 0.34 and 0.53 (values not displayed in graphs). In other words,
at 3.2b.®, 34% of the electrode swelling amplitude comes from void volume variation and the void volume
variation corresponds to 53% of the particles volume variation. Thus, we are facing a particles beds that
significantly creates extra void volume variation. At last, Fig. 3.2¢ displays the irreversibility Athi, as a function
of cycles. The highest irreversibility is reached at first cycle with electrochemical law, with a value of 0.9+0.3um
(3.2¢.®). Considering the noisy evolution of Ath;, around 0, this graph clearly demonstrates the inability of
DAM reference sample, through the use of simple Hertz-Mindlin contact law (detailed in Section 1.2.1.b) with

basic contact parameters, in capturing the irreversible breathing.

3.3 Sensitivity analyses

3.3.1 Silicon fraction

This sensitivity analysis is directly initiated by the motivation of the thesis: the addition of silicon fraction
within the anode is first and foremost a way to improve the battery weight and volumetric capacity. Conse-
quently, the question about an eventual compromise between capacity and breathing significance has its place
in these sensitivity analyses. Of course, in the specific case of the DAM, “capacity” is similar to “silicon frac-
tion”. As detailed in Section 2.3.2.b, the silicon weight fraction within active materials (Si, C and Gr), noted
Ag;, does not vary between 0 and 1. Indeed, due to the limitation of volume generated by Bg;, the silicon weight
fraction within silicon composite materials (Si and C), we necessarily have Ag; < Bs;. In DAM reference
sample, we fixed a value of Bg; = 0.5, so Ag;j can go from O to 0.5. For numerical reasons, the full Si/C case
(As; = 0.5) led to particles bed instabilities of simulation (maybe due to excessive speed of breathing), so this
value was not analysed. Instead, six values from 0 to 0.4 were simulated, first by implementing linear breathing

law.
3.3.1.a Linear breathing law

As expected, the silicon fraction induced a higher breathing range, then a higher breathing speed of the elec-
trode. In Fig. 3.3a, inertial number shows this fact by a clear correlation with Agj, where the mean curve for
Agi = 0.4 is equal to around 2x10™* compared to around 3.8x107 for Ag; = 0.0. The force is also impacted,
with a more pronounced oscillation of PID errors gap, all the more important that the silicon fraction is high,
as shown in Fig. 3.3b. Fortunately, the force on top plate is efficiently kept in a range of +1.4% of PID input.
When it comes to raw thickness, as displayed in Fig. 3.3c, the swelling amplitude is clearly impacted by the
silicon fraction. Moreover, an amount of irreversibility appears at the end of the first cycle, but at a very low
amount (maximum if 1.91+0.1 pm for Ag; = 0.4, 3.3c.®). Even if it is correlated to the silicon fraction (the
higher Asg;, the higher the irreversibility Delta), this amount is not significant enough to catch our attention.

Indeed, this amount reaches only a maximum of 5.2% of the swelling amplitude.
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Figure 3.3: Influence of silicon fraction with linear breathing law (6 values set, DAM reference sample
for As; = 0.05) — a) Inertial number (cycling). b) Force on top plate (cycling). c¢) Thickness (cycling),
thyer ~ 55.3 um.

Complementarily, Fig. 3.4a shows the evolution of thickness swelling amplitude Athg, of the first cycle.
It presents an astonishing linearity of thickness swelling amplitude Delta with the silicon fraction. The linear
regression applied to the curve indeed indicates a matching with a coefficient of determination of R? = 0.998,
which is a good agreement. On its side, the swelling breathing coefficient indicates a significant reversed
evolution, as shown in Fig. 3.4b. Indeed, it decreases with the silicon fraction, from a maximum of 1.88+0.04
for Agi = 0.05 (3.4b.®) to a minimum of 1.69+0.01 for Ag; = 0.4 (3.4b.®). In the DAM reference sample
analysis (see Section 3.2), 3, varies only because of Aths,, resulting the simple proportionality between
Fig. 3.2a and Fig. 3.2b. In the present case, this is different because 3 s also depends on the silicon fraction
Ag; (see Eq. (2.58) in Section 2.4.1). Thus, the curve of Fig. 3.4b indicates that the increase of silicon fraction
(or in more general terms, particles with high breathing range) leads to lower breathing coefficient 35 s,. By
calculating the equivalent breathing coefficients 1/3; 5w, we respectively get the values 0.47 at 3.4b.® and 0.41
at 3.4b.®@ (values not displayed in graphs). It means that for a silicon fraction of Ag; = 0.05, 47% of electrode
volume variation comes from void volume variation, against 41% at Ag; = 0.4. This observation manifests in
swelling amplitude Athg,, curve in Fig. 3.4a that is not exactly linear but feebly logarithmic: a relative reduction
of void volume generation seems to occur as the silicon fraction increases. As a result, a higher proportion of

silicon leads to a breathing where particles breathing generates less void volume variation, relatively speaking.
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Figure 3.4: Influence of silicon fraction with linear breathing law (6 values set, DAM reference sample for
Ag; = 0.05) — a) Swelling amplitude thickness Delta (first cycle). b) Swelling breathing coefficient (first cycle).

3.3.1.b Electrochemical breathing law

An extended protocol of this sensitivity analysis is to replace the particles breathing linear volume law by a
more realistic electrochemical law for both Si/C and Gr particles. The reason for this change is simple: the
balanced breathing (355, =~ 2) observed above is maybe due to the simultaneous breathing of all particles,
as for both Si/C and Gr. Indeed, with linear law, all particles linearly swells and then linearly shrink at each
cycle, which constitutes a breathing synchronism. This synchronism is maybe at the origin of this global
stable breathing that seems not to reorganise particles. Thus, the idea now is to start from the exact same
particles distributions and positions, and to implement electrochemical breathing law (from Fig. 2.10 based on
electrochemical algorithm) instead of linear volume law. The main objective at the origin of this protocol is
to implement non-synchronous breathing of materials (Si/C and Gr). A sequential and alternating breathing of
graphite and silicon particles, resulting from the combination of the material OCV curves, may trigger more
microstructure changes compared to the simpler simultaneous and linear growth of all particles.

First, the electrochemical breathing law must be used carefully in the DAM, especially in the case with a
high silicon fraction. As observed above, the silicon fraction increases the inertia of the system, and adding
electrochemical law also create some local fast breathing speed. More clearly, Fig. 3.5a displays the inertial
number with different silicon fractions Ag;. Indeed, because particles breath on the exact same ranges (0 <
vcsimax for Si/C and 0 < UGy max for Gr), the non-linearity of electrochemical breathing law necessarily
creates local faster breathing. At highest silicon fraction, the maximum point of inertial number is at the end of
cycles, reaching for example 9.6x104+0.4x10™* at 3.5a.®, where the breathing speed is the fastest. Thus, the
simulations are still at the limit of quasi-static state. The inertial number is quite coherent with the thickness
curves plotted in Fig. 3.5b, where the slope is well synchronised with the associated inertia : the flatter the
thickness curve, the lower the inertial number. Moreover, the interesting feature observable in the thickness
curve of Fig. 3.5b is the progressive transition of breathing shape between simulations, from the characteristic
pyramidal behaviour of graphite for As; = 0 to the asymmetric form of silicon for Ag; = 0.4. This detail is
a perfect illustration of the different proportions of both material between simulations. In fact, this detail is

almost the only noticeable difference with linear volume laws. For example, the swelling amplitude remains
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Figure 3.5: Influence of silicon fraction with electrochemical breathing law (6 values set, DAM reference
sample for As; = 0.05) — a) Inertial number (cycling). b) Thickness (cycling), thy,y ~ 55.3 um. c) Swelling
breathing coefficient (first cycle). d) Irreversibility thickness Delta (first cycle), dot markers, left axis. Ratio of
irreversibility over swelling amplitude thickness Deltas (first cycle), triangle markers, right axis.

distinctly unchanged, so much that the curve of swelling amplitude Athg,, (not drawn here) is equal to the one

related to linear volume law (drawn in Fig. 3.4a). On their side, the swelling breathing coefficients of linear and

electrochemical breathing laws are slightly different, but as shown in Fig. 3.5c, the dispersion areas are well

overlapped. A noticeable observation appears regarding the irreversibility that, this time, reaches 4.1+0.2 um

for Ag; = 0.4 (3.5d.®@, read on left axis). Moreover, the increase of silicon fraction leads to an increase of the

ratio between irreversibility over swelling amplitude Ath (read on right axis in Fig. 3.5d), before reaching a

plateau at around 10%. In Fig. 3.5d, we also observe that more void volume variation is irreversibly transmitted

to electrode with high silicon fraction. Thus, by comparing Fig. 3.5¢ and Fig. 3.5d, we can deduce that, as the

silicon fraction increases, less void volume is generated, but more is transmitted irreversibly to the electrode.

In addition, the mean coordination number MCN displayed in Fig. 3.6 presents strange instabilities, hardly

explainable at this stage. These instabilities always manifest at the end of a cycle, as a sudden drop of MCN

with a very large dispersion (3.6.®@), demonstrating the irregular aspect of this phenomenon. The fact that it

occurs at any cycle and any sensitivity parameter value, with no clear pattern, suggests arrangement singularity

happening randomly. This singular phenomenon is further explored in the next section (Section 3.3.2).
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Figure 3.6: Influence of silicon fraction with linear breathing law (6 values set, DAM reference sample for
Ag; = 0.05) — Mean coordination number.

3.3.2 Friction / Rotation
3.3.2.a Standard analysis

As it is detailed in the DAM reference sample analysis in Section 3.2, a Hertz-Mindlin contact law (detailed
in Section 1.2.1.b) with basic parameters is not enough to capture a significant variation of swelling amplitude
or irreversibility over cycles. It is supposed that the particles are not constrained enough through a contact law
that hardly simulates the presence of the binder or complex particles shapes. The first parameter that comes in
mind to add more mechanical irreversibility in the model is the friction between particles. As a fundamental
parameter of Eq. (1.16), the main constitutive equations of DEM, it is a first way of getting closer of non-
spherical particles or binding effects. We can imagine that the higher the friction, the more the particles block
one each other due to virtual non-spherical shapes and/or rough surfaces. A comparable method is to control
the rotation itself, to the point of removing it completely.

For these reasons, the sensitivity analysis presented here is composed of four sensitivity parameters: two
extreme values of friction coefficient (4 = 0.05 or ¢ = 0.4) in two different cases of particles rotation state
(rotation enabled or rotation blocked, i.e. € R rad/s or w = 0 rad/s). By “rotation enabled”, it means that
particles can freely rotate on all axis. By “rotation blocked”, it means that rotation is removed from dynamics
computation, preventing particles to rotate. A sensitivity parameter is then a pair of friction coefficient and
rotation state (u / rot.). This parameter is set at the end of the calendering, just before the relaxation. The
case without friction y = 0 was not treated here for a reason of behaviour relevancy: without any friction,
the particles are free to move between both top and bottom plates, giving birth to a flow of particles through
periodic boundaries generated by the particles breathing.

The simulations of this sensitivity analysis are quite stable concerning the dynamics, the force being glob-
ally stabilised in a range of +0.3% of PID input and the inertial number efficiently kept under 10", with the
highest mean value over cycling phases reached for y = 0.4 and rotation activated, at 7.4x10-+0.1x107 (in-

ertial number and force not displayed). The first effect of friction/rotation modification appears within the
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relaxation phases, as shown in Fig. 3.7a, where the final thickness is influenced by the friction coefficient. In-

deed, the lowest expansion is reached at low value of friction (¢ = 0.05) and with rotation enabled, with a final

thickness change at 5.8+0.3 um (3.7a.®). On the opposite, the highest thickness change occurs at high friction

with rotation enabled, until 7.5+0.4 um (3.7a.@). These observations are correlated with the mean coordina-

tion number MCN curves in Fig. 3.7c, where the friction coefficients are particularly distinguished, with the

maximum reached for gy = 0.05 (around 4.0, 3.7¢.®) and the minimum reached ¢ = 0.4 (around 3.0, 3.7¢.®, in

half-transparent area). The astonishing observation is that the relaxation seems not particularly less influenced

by the fact the rotation is blocked or not, whereas it was supposed to have a noticeable impact on particles

packing. However, the trend changes when breathing occurs, as plotted in Fig. 3.7b. Both curves for y = 0.05

are almost merged and do not present any irreversibility. The case for y = 0.4 and rotation enabled is slightly

more significant, with a 1.2+0.2 um of thickness irreversibility (3.7b.®). The behaviour drastically changes

by blocking rotation, still with the case for y = 0.4, where the first cycle generates an important irreversibility

of 9.7+1.5 um (3.7b.®). It was initially thought that the high friction, enhanced by the blocked rotation, was

creating a stronger global force network maintained after the first swelling. Actually, an observation questions

this explanation. Indeed, looking at the mean coordination number MCN reveals a divergent facet of the DAM
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with high friction, as shown in Fig. 3.7d. Both cases at high friction (u = 0.4), as we saw, begins the cycling
with MCN almost equal to 3. This value is already not particularly high for a packed particles bed (the order
of magnitude introduced in Section 2.4.4 being around 6, the results from DAM reference sample analysis in
Fig. 3.1e giving around 4). Moreover, these values radically decrease during breathing, until 2.0£0.7 (3.7d.@)
for the case with rotation enabled and 0.05+0.04 (3.7d.®) for the case with rotation blocked. More precisely,
Fig. 3.7d clearly presents a physical singularity: a compressed particles bed with almost zero contact between
particles during major part of the shrinking. Such a really low coordination number is easily imagined by an
organisation in “pillars” of particles, such that the forces within the network only follows vertical orientations,

via the parallel pillars of particles. The exploration of this assumption is the subject of the following section.

3.3.2.b Imaging of force network

To better understand what happens within the particles bed, and also what “pillar” means, Fig. 3.8 displays the
forces networks at three different stages of the first breathing of the extreme frictional case (4 = 0.4 and not
rotation). Of course, no statistical process is used here, only one simulation has been picked. On the left, for
each stage, two views of the particles bed (lateral in y direction and top) displays the contact forces (particle-
particle and particle-wall), where a dark colour signifies a strong force and vice versa. On the right, colour
maps display the distribution of particle-wall forces on the top plate, with the contrast harmonised for all three
stages. The first stage (Fig. 3.8a) corresponds to the middle of swelling phase, the second stage (Fig. 3.8b)
to the time just at the beginning of shrinking phase, and the third stage (Fig. 3.8c) to the middle of shrinking
phase.

At first stage in Fig. 3.8a, the forces network is quite homogeneous in the x/y plan. The presence of lateral
“force thunder lights” witnesses a huge stress in x/y directions. In more appropriate terms, these “force thunder
lights” form what we call a “backbone”, defined by Agnolin & Roux (2007) [205]-[207] as a “network of
contacting grains that carry forces”. Hence, instead of “force thunder light”, a more proper term would be
“backbone branch”. In a complementary way, a particle that is not participating in the backbone structure is
called “rattler grain”. The remarkable characteristic of the backbone of first stage is its double-layer structure,
each layer being compressed against a plate. The presence of an important forces network oriented in x/y
directions was predictable as regard to the presence of particles breathing. However, the clear subdivision of
this stress into two sub-layers is, for its part, more surprising. We could imagine that these layers would be
generated by the z-oriented compression of top and bottom particles by the whole swelling particles bed, but in
our case, we have to recall that the system evolves at constant force, the thickness adapted in real-time to keep
it stable. This precision is particularly shown by the force map, on the right, where the forces with the top plate
are globally well distributed and do not even exceed 3.5 mN. This double-layer force maybe reveals a limitation
of the DAM, more precisely its use of two rigid plates as boundaries on z direction (as stated by Hyp. 2.A.viii
(page 74) in Section 2.1.2). This strict rigidity in this direction certainly creates a border effect by suppressing
a translation degree of freedom for particles in contact with plates, unlike the particles in the middle that can
move in z direction. The use of a softer method to simulate plates, such as layers of bonded particles, would

have maybe reduced this important border effect.
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Figure 3.8: Imaging of particles bed forces network over a cycle. Force magnitude includes both normal
and tangential components — Left column) Lateral (y direction) and top views of forces network (the darker,
the stronger). On the right) Particle-wall forces maps on top plate (harmonised scale), data processed with
Gaussian blur (sigma = 10), colour bar displayed with power norm (gamma = 0.4). a) Stage at half of swelling
phase, maximum point force on top plate: 3.5 mN. b) Stage at the beginning of shrinking, maximum point force
on top plate: 5.1 mN. c¢) Stage at half of shrinking phase, maximum point force on top plate: 18.8 mN.
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Regarding the second stage in Fig. 3.8b, just at the beginning of shrinking, the first observation is the loss
of this double-layer structure. In fact, the reverse occurs: the backbone radically changes from a lateral to
a vertical orientation. Even more, the backbone is now subdivided into multiple little backbones, losing its
whole-linked structure in favour of multiple individual pillars of force. Now, the vertical forces are stronger,
until reaching maximum spots of 5.1 mN. However, because the total force on the top plate is the same, it

means that the force distribution is more concentrated into “hot spots”.

In this sense, the third stage in Fig. 3.8c is the extreme manifestation of these “hot spots”: the distribution of
forces on top plate is made of only seven spots, including one that carries 40% of the total force (18.8 mN). By
the presence of only few strong branches here and there, the left images distinctly show a particles bed that lost
all its inner contacts, only formed of rattler particles. This is the reason why, at high frictional case (4 = 0.4 and
rotation blocked), the mean coordination number MCN drops to zero: the high amount of friction enables the
creation of single strong branches that support all the top plate force, letting all the other particles free to shrink
in an unconstrained and contact-free space. This result is really interesting and questions the way the force
applied on electrode is spread within. In real electrode, despite the presence of a binder supposed to maintain a
global uniform and cohesive particles bed, the force is maybe carried out by only few backbone branches. This
phenomenon would certainly present an impact on electrochemistry, for example by altering the inter-particles
conductivity. Of course, this proposition is strictly hypothetical, and it is still difficult to state if the pillars is
only an artefact proper to the model (maybe due to the use of rigid plates or spherical particles, for example).
The fact remains that the high breathing irreversibility detected with a high frictional case (4 = 0.4 and rotation
blocked) is obtained through a numerical behaviour hardly acceptable, due to the drastic global loss of contacts
within the particles bed. Hence, using friction to simulate complex shapes of particles or the presence of binder
does not seem to be an effective solution. Actually, the main drawback of friction is to be pressure-dependent,
because if no force is applied on particles, the simulation of complex shapes or binder is null (exactly what
happens when the mean coordination number MCN drops to down zero). A better way is then to implement a
permanent effect of this phenomenon, which is the subject of adhesion or breakable bonds sensitivity analyses

(see respectively Section 3.3.4 or Section 3.3.5)

3.3.3 Particles bed stiffness level

This section reintroduces the concept of “stiffness level” presented in Section 2.4.4, evaluated through the
stiffness number. As a recall, the stiffness number & evaluates the ratio between pressure and particles rigidity.
Moreover, a particles bed with a given stiffness number is supposed to mechanically behaves similarly to
another particles bed with the same number, even if both particles beds are submitted to different pressures or
have different particles rigidities. Thus, a first intuition would be to analyse only the pressure and to generalise
the analysis in terms of stiffness level. However, it is unclear if the concept of stiffness level is compatible with
a breathing particles bed. For this reason, it is proposed here to analyse both pressure and particles rigidity, in

order to observe an eventual convergence between both approaches concerning the stiffness level.



3.3. SENSITIVITY ANALYSES 119
3.3.3.a Pressure

The pressure applied on the electrode is a key parameter in practice, as it is found to have a noticeable impact
on cell performances (see Section 1.1.1), so a sensitivity analysis of pressure to analyse its impact on electrode
microstructure seemed evident. For this purpose, eight values were analysed, from 0.1 to 100 MPa, that can
be compared to the range used in experimental applications, generally between 0.1 and 10 MPa. In the experi-
ments, cells stop working when the applied pressure exceeds 10 MPa, presumably due to closed porosity of the

electrodes. The model permits to explore an order of magnitude above.

First, Fig. 3.9a displays the different curves of pressure during relaxation. They all start at around 54.1 MPa
(calendering pressure, 3.9a.®) and efficiently tends to each respective PID input. We can notice that high
pressures (60 and 100 MPa) present a quick response time with straight curves, which due to the action of
top plate PID controller. At the opposite, the other pressures (lower than the calendering pressure) simply
follow the elastic relaxation of particles. One of the precaution when changing the pressure on the DAM
is to check once again the inertia. Indeed, the pressure is one of the parameters of the inertial number, so

its influence is direct. In this sense, Fig. 3.9b plots the different curves of the inertial number. It clearly
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Figure 3.9: Influence of pressure on top plate (8 values set, DAM reference sample for P = 0.3 MPa) — a)
Pressure on top plate (relaxation). b) Inertial number (cycling). ¢) Mean coordination number (relaxation and
cycling). d) Thickness (relaxation and cycling), thy,s = 50 um.
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changes as the reverse of the pressure, which is coherent with Eq. (2.64). The major doubt on respect of
inertia was mainly about the low pressures. Fortunately, the highest curve at P = 0.1 MPa does not exceed
1.68x104£0.07x10™* (3.9b.@). Concerning the mean coordination number MCN in Fig. 3.9¢c, the relaxation
leads to really different values, positively correlated with the pressure (the higher the pressure, the higher the
post-relaxation mean coordination number). Starting at around 6.24+0.05 (3.9¢.®), it spreads from 3.56%0.07
at P = 0.1 MPa (3.9¢.®) to 6.40+0.03 at P = 100 MPa (3.9¢.®). During the cycling, the orders of magnitude
remain approximately the same for each pressure. Note that it is possible to observe, once again, the presence
of important dispersion at the end of the second cycle (3.9¢.®). This may be related to the same phenomenon
of pillars generation described above in Section 3.3.2.b, due to the lower amount of pressure applied, maybe
less susceptible to break these pillars (even if the rotation is activated, some friction is still able to maintain
columns of particles). Concerning the thickness itself in Fig. 3.9d, the relaxation leads to reversed behaviour:
the higher the pressure, the lower the post-relaxation thickness. A singular relaxation is the one at 60 MPa
that remains almost flat (3.9d.@), which is consistent with the pressure of calendering. As a recall, the DAM
reference sample is built such that the calendering pressure is between 40 and 60 MPa. During the cycling,
the different curves follow a quite interesting behaviour that echoes the prediction made in Section 2.4.4: an
influential action on DAM would be an increase of pressure. Indeed, all the curves for 0.1, 0.3, 1 and 3 are
almost merged, whereas the curves for 10, 30, 60 and 100 distinctly and gradually drops, so most of the change

occurs at high pressure.

For a better view, Fig. 3.10a plots the swelling amplitude thickness Delta of the first cycle (left axis).
Moreover, in this case, the initial volumes of particles (Va0 in Eq. (2.58)) does not depend on the sensitivity
parameter (pressure P), so the swelling breathing coefficient 3 s is directly proportional to the swelling am-
plitude Athg,,. The resulting curve is then plotted with a different scale, on right axis. The curve begins with
a flat evolution at lowest values of pressure and then quickly drops when the pressure exceeds 10 MPa, which

goes exactly in the direction predicted by the stiffness number analysis. However, the order of magnitude of
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Figure 3.10: Influence of pressure on top plate (8 values set, DAM reference sample for P = 0.3 MPa).
Rectangular areas represent the common practical range of pressure — a) Swelling amplitude thickness Delta
and breathing coefficient (first cycle). b) Irreversibility thickness Delta (first cycle), dot markers, left axis. Ratio
of irreversibility over swelling amplitude thickness Deltas (first cycle), triangle markers, right axis.
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the stiffness number, displayed in upper horizontal axis, does not exactly fit the rigidity transition limit stated
by Radjai & Dubois (2010) [208], approximately equal to 2000 (not rigid bed below this value and rigid bed
below). As a recall, it was detailed in Section 2.4.4 that the state more sensitive to pressure would be at values
under 1000. In the current result, the pressure presents a high influence only for value of ¥ inferior to 350.
Many factors could explain this difference. For example, the estimations given by Radjai & Dubois (2010)
[208] are based on a mono-material particles bed (only one Young’s modulus), and also, the mean coordination
number MCN is interdependent to these limits. More importantly, the current result does not display deforma-
tion imposed to the particles bed but the particles bed that breathes differently depending on the pressure. Thus,
the described behaviour does not correspond to the phenomenon the stiffness number k¥ was evaluated for. By
considering the DAM reference sample properties, the stiffness number ¥ states that the electrode submitted to
the actual pressure (P = Pt = 0.3 MPa) should be influenced by pressure. Nevertheless, the reverse occurs
here: the electrode breathes pressure-independently. Consequently, the limit of 2000 seems not relevant con-
sidering the studied breathing behaviour. In any case, the evolution of the swelling amplitude remains coherent
with the stiffness analysis, i.e. the breathing does not change at higher values of k, with a transition limit at
around 300 (]\//E/\T ~ 4.5). The most important result in Fig. 3.10a remains the breathing coefficient 3 sy, that
clearly presents a volume distribution disparity between levels of pressure, from 1.10+0.02 at P = 100 MPa
(3.102.@) to 1.88+0.04 at P = 0.1 MPa (3.10a.@). By calculating the equivalent 1/3 s sw, We respectively get
0.1 at 3.10a.® and 0.88 at 3.10a.@ (values not displayed in graphs). In other words, for P = 100 MPa, the
void volume variation is equal to only 10% of the particles volume variation, against 88% for P = 0.1 MPa. It
demonstrates that the high pressure at for P = 100 MPa has noticeably reduced the void volume variation, the
electrode close to a solid breathing.

Concerning the irreversibility, the order of magnitude is too low to consider it as significant. However, its
evolution, significant as regard to the uncertainty, is worth the analysis. It was intuitively expected that the
irreversibility would decrease as much as the pressure would increase. However, we observe in Fig. 3.10b a
transition stage at P = 10 MPa (¥ ~ 150), where the absolute maximum reaches 1.2+0.1 ym (®). For the
relative maximum (as a proportion of swelling amplitude thickness Delta), the maximum is at P = 30 MPa
(K ~ 80), with a proportion of 11.2% (®). The interpretation of these figures is developed in the next section

(Section 3.3.3.b), because this observation are quite comparable with the particles’ rigidity analysis.

3.3.3.b Particles’ rigidity

As another fundamental parameter of stiffness level, the particles’ rigidity is set in the DAM through the
Young’s modulus. For this sensitivity analysis, all particles were set to the same Young’s modulus (Ecs; =
Egr = E). As arecall, the DAM reference sample considers two distinct Young’s moduli (Ecs; # Egr). Ten
values were analysed, from 0.1 to 100 GPa. The initial particles distributions and positions used for the current
analysis are the same as in the pressure analysis (Section 3.3.3.a).

Concerning the validation of dynamics, the inertia was not clearly correlated to the sensitive parameter and
the maximum average value of inertial number was around 7.1x10, so this aspect was fulfilled (inertial number
graph not displayed). The force was also well stabilised, comprised in a range of £0.25% of the input PID all

along the cycle (force graph not displayed). Concerning the mean coordination number MCN , displayed
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in Fig. 3.11a, the particles Young’s modulus presents a clear influence: the more rigid, the lower the mean
coordination number. Indeed, changing the Young’s modulus from 0.1 to 100 GPa changes the final relaxation
value of MCN from 6.17+0.03 (3.11a.®) to 3.48+0.08 (3.11a.@). The reduction of Young’s modulus improves
the particles packing by allowing a lower compression thickness, considering a given pressure. Indeed, when
looking at Fig. 3.11b, the thickness evolves similarly as varying the pressure, but reversely: the decrease of
Young’s modulus leads to a lower relaxation thickness, but also a decrease of amplitude. This also supports the
prediction estimated in Section 2.4.4, about the major influence of the decrease of Young’s modulus. Indeed,
the curves at higher Young’s modulus are quite similar, as the opposite to those at lower Young’s modulus that

exhibits a real influence.

For a better view, Fig. 3.12a presents the swelling amplitude Athg,, of first cycle as a function of Young’s
modulus. As for pressure analysis, the plot is divided into two parts: a dependent part, between 0.1 and 2 GPa,
and independent part, between 2 and 5 GPa. Through these two parts, the breathing evolves consistently with
the stiffness number x: the higher the value, the less variant the swelling amplitude. In addition, the interesting
fact revealed by this figure is the stiffness number corresponding to the limit between both parts: k¥ ~ 380.
Even if, once again, a discrepancy appears by taking the limit of 2000 fixed by Radjai & Dubois (2010) [208],
this value of transition is really close to the one found during the pressure analysis, for the exact same limit
of swelling amplitude variability (K ~ 350). Concerning the breathing coefficient, nothing new particularly
appears compared to the pressure analysis, with values going from to 1.29+0.01 at E = 0.1 GPa (3.12a.®) to
1.88+0.04 at E = 100 GPa (3.12a.®). Concerning the irreversibility Ath;,, in Fig. 3.12b, here again, the amount
reaches an absolute maximum of 1.2+0.1 um (3.12b.®) at E = 0.5 GPa (¥ ~ 150), which remains quite low.
As a result, the curve knows a part of increase and another of decrease around this value, and the limit stiffness
number, as before, is shown to be approximately k¥ ~ 150 for the absolute maximum. For the relative maximum
(as a proportion of swelling amplitude Athgy ), the maximum is at E = 0.2 MPa (¥ ~ 80), with a proportion of
12.0% (3.12b.®@).
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Figure 3.11: Influence of particles’ rigidity (10 values set, DAM reference sample for E = 20~30 GPa — a)
Thickness (relaxation and cycling), th,; = 50 um. b) Mean coordination number (relaxation and cycling).
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Figure 3.12: Influence of particles’ rigidity (10 values set, DAM reference sample for E = 20~30 GPa).
Rectangular areas represent the common practical range of Young’s modulus — a) Swelling amplitude thickness
Delta and breathing coefficient (first cycle). b) Irreversibility thickness Delta (first cycle), dot markers, left axis.
Ratio of irreversibility over swelling amplitude thickness Deltas (first cycle), triangle markers, right axis.

3.3.3.c Global stiffness level perspective

In a summary, beyond the pressure and Young’s modulus taken individually, the key information brought by
these sensitivity analyses is the concordance of behaviours considering a stiffness level perspective. The esti-
mation made in Section 2.4.4 seem to be right, and the stiffness number & is maybe an efficient way to evaluate
the influence of both pressure and particles rigidity on breathing. In fact, these observations give the impres-
sion that the real prediction of the stiffness level impact on breathing mainly lies in the value of k. As a good
illustration, Fig. 3.13 plots the swelling amplitude Athg,, (from Figs. 3.10a and 3.12a) and irreversibility Athi
(from Figs. 3.10b and 3.12b) at first cycle as a function of stiftness level. In both cases, the curves match quite
well, even the dispersion areas. As a result, as a general indicator of both pressure and particles rigidity, the
stiffness number ¥ is consistent to describe the electrode breathing. However, the conventional limit of rigidity
(K ~ 2000) seems not adapted for the breathing behaviour. More precisely, the limit of swelling amplitude
Athgy, is at around ¥ =~ 350 (reduction below this value and no change above), and the irreversibility Athi,
reaches its absolute maximum at ¥ ~ 150 and its relative maximum (as a proportion of swelling amplitude

Athgy) at K ~ 80, even thought the absolute irreversibility is quite low.

Globally, these sensitivity analyses suggest the ability of the stiffness number ¥ in describing breathing
material. As far as the author knows, this parameter was not used to evaluate the breathing of a material, so the
real rigid limit is still unsure and further application of this parameter to breathing will be necessary to clarify
the rigid limit values. For example, by looking at the irreversibility, the variation of rigidity on the DAM seems
to reveal the confrontation between two phenomena, whose transition phase occurs at around ¥ ~ 100. The

current analysis is insufficient to settle the question.

Finally, when it comes to real application, the rectangular areas in Fig. 3.10 and Fig. 3.12 represent the
common practical ranges of pressure and Young’s modulus (respectively 0.1~10 MPa and 10~50 GPa). It
reveals that they are situated in region where they have a really poor influence on swelling amplitude. For

irreversibility, their influence exists, but with a limited amount of result (from 0.4 to 0.8 um). Hence, with this
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Figure 3.13: Influence of stiffness level (8 to 10 values set, DAM reference sample for K ~ 1650) — a) Swelling
amplitude thickness Delta and breathing coefficient (first cycle). Results from Figs. 3.10a and 3.12a. b) Irre-
versibility thickness Delta (first cycle). Results from Figs. 3.10b and 3.12b.

view, the stiffness level seems to be a limited key ton control the electrode breathing in practical application.
An important point to notice is that these conclusions are stated based on a particles bed with cohesion between
particles. An eventual presence of cohesion may impact the breathing behaviour, and its dependency to pressure
and/or particles rigidity. Thus, the values of k¥ summarised in this conclusion are only valid in a non-cohesive

case. The cohesive remains to be tested.

3.3.4 Adhesion

As discussed in DAM reference sample analysis (Section 3.2) and friction/rotation analysis (Section 3.3.2), the
basic Hertz-Mindlin contact law (detailed in Section 1.2.1.b) and the friction fail to capture a realistic breathing,
more precisely the irreversibility at first cycle. The hypothesised missing feature is the presence of attraction
between particles, quite relevant considering the presence of binder in practical electrode. This attraction would
enable the particles bed to store an eventual constrained state (due to calendering, for example) until it changes
to another due to particles breathing reorganisation. In some ways, friction is a form of “state storing method”
by blocking particles, but as it is underlined in Section 3.3.2, its action depends on the applied pressure. The
current idea is to implement a permanent attraction whose presence is not dependent on pressure. The adhesion
between particles, through the use of JKR contact law (detailed in Section 1.2.3.b), is a first way to implement
this attraction, as a reversible stickiness between particles (after the loss of contact, stickiness reoccurs).
Technically, it is still hard to estimate the adhesive effect between particles, and especially how this stick-
iness evolves over time. Indeed, the manufacturing process of an anode may present different steps where
stickiness can be more or less enhanced, thinking about the drying or the calendering. In the protocol proposed
here, it is then proposed to study two different configurations of stickiness creation: just after the calendering
(pre-relaxation) or just after the relaxation (post-relaxation). Both versions lead to distinct initial constrained
states. The pre-relaxation stickiness configuration is imagined for the case where the calendering itself, thanks
to an important compression, improves the contact of binder between particles and so improve its gluing power.
The post-relaxation stickiness configuration if more adapted to simulate the case where, after the relaxation, an

additional drying step leads to a reinforcement of the binder strength.
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For this sensitivity analysis, eight values of work of adhesion were analysed, between 0 and 40 J/m?. The
same initial distributions and positions of particles were used in both configurations (pre-relaxation and post-

relaxation).

3.3.4.a Pre-relaxation

For this sensitivity analysis, the inertia is globally respected, except for a strange behaviour for W = 20 J/m?,
where the inertial number is much unstable. However, it remains reasonable, with an average value all along
cycling at 2.4x10™#+2.7x10 (inertial number graph not displayed). In addition, even if it presents some insta-
bilities for W = 40 J/m?, the force is globally kept in a +2% range of PID input (force graph not displayed).
Fairly intuitively, the pre-relaxation configuration of adhesion leads to a different initial state at the be-
ginning of cycling. However, a less expected behaviour occurs during the relaxation, where two groups are
distinguished: the non-adhesive case and the adhesive cases. As illustrated in Fig. 3.14a, the first case finished
the relaxation at a mean coordination number of 3.75+0.10 (3.14a.®), whereas all other case, even with the
lowest work of adhesion, finishes at around 4.79+0.10 (3.14b.®). Thus, the introduction of attraction presents
a noticeable impact in particles bed restructuring, even with low amount of adhesion. Of course, a transition
may exist between the non-adhesive and adhesive cases, but it was not captured here. Afterwards, this distinc-
tion in mean coordination number is maintained all along the cycling, where all the adhesive case follows a
similar smoothed evolution of packing level, at the opposite to the non-adhesive case, lower and less stable.
Concerning the thickness in Fig. 3.14b, this non-adhesive/adhesive distinction is not present at all, starting with
the final thickness of relaxation at around 6.0+0.3 um (3.14b.®) for all curves. Finally, during cycling, the
curves show a significant result: the apparition of an irreversibility at first cycle, all the more important as the
work of adhesion increases (arrow 3.14b.®). In addition, this irreversibility is not comparable to the one cap-
tured in Section 3.3.2, more precisely the one in Fig. 3.7b (high friction case: ¢ = 0.4 and rotation blocked).
Indeed, the present particles bed of adhesive forces is confirmed to be rightly packed by the mean coordination

number MCN comprised between 4.3 and 4.8 during cycling. Furthermore, the good stability of mean coor-
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Figure 3.14: Influence of pre-relaxation activated adhesion (8 values set, DAM reference sample for
W = 0 J/m?) — a) Mean coordination number (relaxation and cycling). b) Thickness (relaxation and cy-
cling), thy,r = 50 um.
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dination number when adhesion is present suggests a smoother reorganisation of particles, as opposite to the
noisy curve of mean coordination number MCN when adhesion is absent. Hence, the irreversibility appear-
ing at first cycle is most likely not generated by singular backbone branches generation but by a real structure
change homogeneously spread. Of course, the adhesion can generate a mean coordination number that bias the
force network interpretation, due to the fact that the rattler particles are certainly glued to the backbone parti-
cles. Consequently, rattler particles do not move freely in empty space, which increases the mean coordination
number, but still do not participate in the main backbone branches.

To go into deeper analysis, Fig. 3.15a displays the irreversibility Athg, at first cycle. It explicitly exposes
the gradual increase of this quantity as a function of work of adhesion, until reaching a maximum of 7.7+0.2 um
(44.2% of the corresponding swelling amplitude, 3.15a.®). A peculiar behaviour also appears for the swelling

amplitude: whereas Athyg, for high work of adhesion is maximum at the first cycle (see x-axis coordinate 1 in
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Figure 3.15: Influence of pre-relaxation activated adhesion (8 values set, DAM reference sample for
W = 0 J/m?) — a) Irreversibility thickness Delta (first cycle), dot markers, left axis. Ratio of irreversibil-
ity over swelling amplitude thickness Deltas (first cycle), triangle markers, right axis. b) Swelling amplitude
thickness Delta (as a function of cycles). ¢) Swelling amplitude thickness Delta and breathing coefficient (as
a function of work of adhesion). d) Swelling amplitude thickness Delta (as a function of cycles and work of
adhesion).
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Fig. 3.15b, curve with round markers in Fig. 3.15c), it has then the minimum value for the second cycle (see
x-axis coordinate 2 in Fig. 3.15b, curve with triangle markers Fig. 3.15c). The same trend is obtained for the
other works of adhesion, to a lesser extent. From the second cycle, Fig. 3.15c draws a variation as a function
of work of adhesion with a maximum value. The noticeable information is the situation of the maximum,
at W = 5 J/m? that corresponds to a cohesion number of 7z =~ 1, in other words when the confinement
forces are equivalent to attractive forces. A key observation between first and second cycle is the nature of the
breathing. As detailed in Fig. 3.15b, the first cycle is a pseudo void breathing (AVyoia > AVparicles), as proved
by the breathing coefficient whose value is always above 2, except for the non-adhesive case. For example,
in the most adhesive case (W = 40 J/m?), the swelling breathing coefficient reaches 2.77+0.05 (3.15¢.@).
The corresponding value of 1/3, is around 0.64 (value not displayed in graphs), which indicates that the void
volume variation constitutes around 64% of the electrode breathing. On the opposite, from the second cycle, the
breathing is mainly dominated by the solid volume variation. For example, at the highest work of adhesion, the
swelling breathing coefficient is about 1.45+0.04 (3.15¢.®). Via the corresponding value of 1/3;, we find that
the void volume variation constitutes only 31% (value not displayed in graphs). This behaviour gives birth to a
permanent reduction of swelling amplitude compared to non-adhesive case, drawn in Fig. 3.15d as the darkest
area on the right of the swelling amplitude surface. This darkest area expresses the duality of two phenomena
during the breathing of cohesive particles: an increased amplitude at the first cycle that is reversed from the

second cycle, compared to the non-cohesive case.

3.3.4.b Post-relaxation

The activation of adhesion after the relaxation was not particularly expected to have a significant impact on
breathing, compared to the pre-calendering activation, due to the reversible nature of the stickiness. The re-
sults indeed demonstrates a high similarity between pre-relaxation and post-relaxation configurations. More
precisely, in Fig. 3.16a and Fig. 3.16b all curves evolves exactly the same as the DAM reference sample during
relaxation phases (between -0.01 and 0), since the adhesion is not activated yet. Despite this, immediately
at the beginning of cycling phase when adhesion is activated, the adhesive curves come back closely to the
curves found in pre-relaxation simulations (respectively Fig. 3.14a and Fig. 3.14b). In addition, Fig. 3.16c and
Fig. 3.16d reveal a reduction of irreversibility and swelling amplitude at first cycle. This reduction is all the
more important that the work of adhesion is high, until 18% of reduction for irreversibility (arrow 3.16¢.®)
and 9% for swelling amplitude (arrow 3.16d.®@). Despite these differences at first cycle, the breathing globally

converges to the same behaviour and presents a similar area of swelling amplitude reduction (as in Fig. 3.15d).

3.3.5 Breakable bonds

The implementation of breakable bonds between particles brings the same features as adhesion, but it consid-
ers the gluing phenomenon through an irreversible way. Any attractive contact is definitively lost when the
associated bond breaks. As before, an important question is the time when this inter-particles bonds are really
generated. Thus, both pre-relaxation and post-relaxation configurations were studied, considering each time

the same initial distributions and positions of particles.
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Figure 3.16: Influence of post-relaxation activated adhesion (8 values set, DAM reference sample for
W = 0 J/m?) — a) Mean coordination number (relaxation and cycling). b) Thickness (relaxation and cy-
cling), thy,r = 50 um. c) Irreversibility thickness Delta (first cycle, pre-relaxation and post-relaxation activated
adhesion). d) Swelling amplitude thickness Delta and breathing coefficient (first cycle, pre-relaxation and post-
relaxation activated adhesion).

3.3.5.a Pre-relaxation

This sensitivity analysis particularly respects the inertia criterion. The inertial number is even lower with
stronger particles bonds, implying a maximum average value of inertial number all along cycling during the
non-bonded case, at 7.1x107+1.3x10 (inertial number graph not displayed). Nevertheless, the force on top
plate was slightly unstable during the first cycle for the strongest bonds cases (stmax = 30, 35 and 40 MPa),
showing some peaks certainly generated by bond breaks. Fortunately, these peaks are maintained in a +5%
PID input range, which remains reasonable (force graph not displayed). When it comes to particles themselves,
as for adhesion, the relaxation is quite impacted by the presence of bonds. Looking at Fig. 3.17a, two groups
emerge from this first relaxation: distinguished by the final mean coordination number at the end of relaxation.
As the opposite of adhesion where two clear groups of non-adhesive/adhesive appeared, they are here distin-
guished by a limit value of bond strength. For a value of maximum stress from O to 15 MPa, the final mean
coordination number is around 3.76+0.03 (3.17a.®), whereas from 25 to 40, it is around 5.59+0.02 (3.17a.®).

A transitional value appears for styax = 20 MPa where the final mean coordination is 5.1+0.2 (3.17a.®). The
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Figure 3.17: Influence of pre-relaxation generated bonds (9 values set, DAM reference sample for
Stmax = 0 MPa) — a) Mean coordination number (relaxation and cycling). b) Thickness (relaxation and
cycling), thyer = 50 um.

first group (Stmax from 0 to 15 MPa) that we can call the “weak-bonds case” evolves similarly to a non-bonded
case (DAM reference sample, stmax = 0 MPa): variation of mean coordination number with limited amplitude
around 3.9 and triangular variation of thickness with no significant irreversibility, as also shown in Fig. 3.17b.
The second group (Stmax from 25 to 40 MPa)) that we can call the “strong-bonds range” presents a singular
behaviour: at the beginning of cycling phase, the mean coordination number lightly increases before dropping
down under values of weak-bonds range, as shown in Fig. 3.17a. After this, the average values of mean co-
ordination remains inferior to the weak-bonds range. By looking at the thickness curves in Fig. 3.17b, it is
possible to better understand this behaviour. The curves of strong-bonds range show an initial delay of swelling
(smoothed shape at ¢ = 0 cycle). This may be due to the strength of bonds that maintain the structure steady,
even though all the particle start to swell. Due to the particles swelling, the number of contacts increases within
the particles bed, as the jumps of mean coordination number indicates just after 3.17a.@. This increase goes
until a critical limit that depends on the value of stmax, where a “break chain” engenders successive ruptures of

many bonds. At this stage, the delayed electrode swelling radically raises higher than the weak-bonds range.

This characteristic behaviour, in fact, generates a result comparable to the adhesion analysis in terms of
thickness Deltas, as shown in Fig. 3.18a: a first drastic swelling amplitude at first cycle, all the more that
bonds strength is high, and a reversed trend from the second cycle that, once again, remains constant for
the following cycles. To really observe the difference with adhesion, we have to plot it as a function of the
sensitivity parameter (here, stmax), as in Fig. 3.18b (that should be compared with Fig. 3.15¢ for adhesion).
The curves show a clear distinction of swelling amplitude Athg, evolution correlated with the bonds’ strength
groups. At first cycle, the swelling amplitude is almost independent of the maximum bond stress for weak-
bonds range (Stmax from 0 to 15 MPa). For example, the Athg,, value remains limited at 10.6£0.3 pum, with
a corresponding breathing coefficient of 1.74+0.04 (3.18b.®). Starting from 20 MPa, the swelling amplitude
now depends on the maximum bond stress stmax, With a relationship that seems linear. The swelling amplitude
Athy,, then increases until 29.0+1.6 um, which corresponds to a breathing coefficient of 4.7+0.3 (3.18b.@).
Considering the equivalent 1/3 sy, we get the values 0.41 3.18b.® and 0.78 at 3.18b.@ (values not displayed
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Figure 3.18: Pre-relaxation generated bonds (9 values set, DAM reference sample for styax = 0 MPa) — a)
Swelling amplitude thickness Delta and breathing coefficient (as a function of cycles). b) Swelling amplitude
thickness Delta and breathing coefficient (as a function of maximum bond stress). c¢) Irreversibility thickness
Delta (first cycle), dot markers, left axis. Ratio of irreversibility over swelling amplitude thickness Deltas (first
cycle), triangle markers, right axis.

in graphs). It means that at weak-bonds range, the electrode volume variation is composed of around 41% of
void volume variation, against 78% at the highest point of strong-bonds case. The other noticeable information
is the radical change of breathing from the second cycle. Similarly to adhesion, the trend is now reversed,
and the swelling amplitude Athg,, decreases with maximum bond stress Stmax, however less importantly, until
7.9+1.0 um, corresponding to a breathing coefficient of 1.3+0.2 (3.18b.®). The equivalent 1/3; s gives 0.23, so
the electrode volume variation is composed of around 23% of void volume variation. Finally, the irreversibility
Athy, at first cycle is well correlated with the swelling amplitude, as shown in Fig. 3.18c. The irreversibility is
almost null for the weak-bonds range and linearly increases in strong-bonds range, until reaching 20.2+1.2 um
that corresponds to around 70% of the corresponding swelling amplitude Athg, (3.18c.®). Concerning the
cohesion number 7pc plotted on Figs. 3.18b and 3.18c, it was expected that the limit value of 1 would match
with the limit between weak-bonds an strong-bonds ranges (stmax ~ 15~20 MPa). Nevertheless, this is not the
case, the corresponding value being at 7jpc ~ 40~50. In other words, the cohesion forces of bonds have to be

around fifty times more predominant than contact forces due to pressure to create a significant impact. However,
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this conclusion is questionable. Indeed, the cohesion number 7p- that is defined in Eq. (2.70) (Section 2.4.5)
partially takes into account the maximum stress criterion (only tensile and without torque). This definition
may be incomplete to fully describe the cohesive power of breakable bonds. No particular exploration of this

number was carried out to detail the question and redefine this number properly.

3.3.5.b Post-relaxation

As the opposite of adhesion, the activation of bonds after the relaxation creates a much distinguished behaviour.
First, as shown in Fig. 3.19a, the mean coordination number decreases as a non-cohesive case and the bonded
particles bed is constrained to stay at this packing level. Compared to the pre-relaxation configuration, a
major difference is the disappearance of the subdivision into two groups (weak-bonds and strong-bonds): all
the bonded particles bed behave similarly, with an increase of mean coordination number at the beginning of
cycling and a drop below the non-cohesive case (DAM reference sample, sty = 0 MPa). When it comes
to thickness in Fig. 3.19b, the difference is not particularly visible at this scale, where we can still notice the
presence of swelling delay (smoothed shape at ¢ = 0 cycle) that gives birth to important swelling amplitudes
and irreversibilities.

In Fig. 3.20a that draws the pre-relaxation/post-relaxation comparison of swelling amplitude Athy,, at first
cycle, the shape of the curve for the post-relaxation configuration demonstrates a behaviour closer to the adhe-
sion simulation (compare with Fig. 3.16c curves), with a smoother transition along values of maximum bond
stress Stmax, rather than a sudden linear increase of Athgy,,. Concerning the irreversibility Ath;,, at first cycle, the
change between post-relaxation and pre-relaxation is quite similar, as plotted in Fig. 3.20b. In addition, even
if lowest values of maximum bond stress sty leads to higher irreversibility in post-relaxation generation of
bonds, on the opposite, the highest values of s,y generate less irreversibility at first cycle. For example, at
Stmax = 40 MPa, Athy, drops from 20.3£1.2 um to 16.8+1.1 um between pre-relaxation and post-relaxation
configurations (arrow 3.20b.®). Another interesting feature appears at the second cycle, plotted in Fig. 3.20c:

the swelling amplitude Athg,, does not decrease any more with the maximum bond stress, it even increases. For
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Figure 3.19: Influence of post-relaxation generated bonds (9 values set, DAM reference sample for
Stmax = 0 MPa) — a) Mean coordination number (relaxation and cycling). b) Thickness (relaxation and
cycling), thyer = 50 um.
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Figure 3.20: Influence of post-relaxation generated bonds (9 values set, DAM reference sample for
Stmax = 0 MPa) — a) Swelling amplitude thickness Delta and swelling breathing coefficient (first cycle, pre-
relaxation and post-relaxation generated bonds). b) Swelling amplitude thickness Delta and swelling breathing
coefficient (second cycle, pre-relaxation and post-relaxation generated bonds). c) Irreversibility thickness Delta
(first cycle, pre-relaxation and post-relaxation generated bonds).

example, at highest maximum bond stress stmax = 40 MPa, the swelling amplitude Athg,, goes from 7.9+1.0 um
to 11.6+1.1 um (arrow 3.20c.®). The respective values of breathing coefficient are 1.3+0.2 and 1.9+0.2, which
corresponds to two distinct breathing regimes (pre-relaxation configuration is close to solid breathing, whereas

post-relaxation configuration is close to balanced breathing).

3.3.5.c Pre-relaxation/Post-relaxation deeper comparison

As detailed in Section 3.3.4, when using adhesion between particles, a moderate difference appears between
pre-relaxation and post-relaxation activation of adhesion. In the actual use of breakable bonds, the difference
between pre-relaxation and post-relaxation is more significant. First, the Figs. 3.21a and 3.21b displays the
swelling amplitude Athg, as a function of both cycles and maximum bond stress Stax. On the left (Fig. 3.21a),
the pre-relaxation configuration of bonds creates the sharp peak generated by both weak-bonds and strong-
bonds ranges. The interesting fact is the appearance of another reduction of swelling amplitude from the

second cycle (dark “canal”), a behaviour similar to the breathing with adhesion (see Fig. 3.15d). On the right
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(Fig. 3.21b), the post-relaxation configuration of bonds presents a smoother increases of swelling amplitude
at first cycle, with a really closed range. However, the reduction of swelling amplitude from the second cycle

disappears and is even increasingly correlated to the maximum bond stress sfmax-

In order to deeper understand these differences, the number of bonds is a useful quantity. In this optic,
Figs. 3.21c and 3.21d draws the evolution of the number of bonds. As expected, the pre-calendering case
presents different numbers of bonds during the relaxation, whereas the post-relaxation presents null curves
during this phase. An observation of the pre-relaxation graph, in Fig. 3.21c, enables to better understand the
creation of both weak-bonds and strong-bonds ranges: the relaxation creates an important loss of bonds for
lower maximum bonds stress. Consequently, at the beginning of cycling, the different simulations start with
different numbers of bonds (from O to the initial number of bonds). At the opposite, in Fig. 3.21d the post-
relaxation case does not present this initial dispersal. Whatever the maximum bond stress, all simulations start
at the exact same stage, which explains, at least partially, the disappearance of weak-bonds and strong-bonds
ranges. Moreover, the relaxation leads to a less packed particles bed. Consequently, the number of bonds gen-
erated is lower than in the pre-relaxation configuration (4740454 in pre-relaxation, 3.21c.®, against 404634
in post-relaxation, 3.21d.@). Both graphs reveal that the first cycle, and more precisely the first swelling, is
crucial in the determination of the final bonded particles bed, much more than expected. At the initiation of the
use of the breakable bond model, as an intuition based on experimental measurements that presents progres-
sive irreversibility cycle after cycle, it was expected that the loss of bonds would be more progressive along
cycles. This does not happen here. Whatever the case, the number of bonds remains almost constant starting
from the end of the first swelling. This is all the more visible in Fig. 3.21e, where the proportions of broken
bonds is displayed. The dotted areas correspond to the proportions lost during cycles 2, 3 and 4, the clean
and light coloured areas correspond to the proportions lost during cycle 1, and the dashed dark correspond to
the proportions lost during relaxation. Of course, no dashed dark area appears for the post-relaxation case,
because no bond exists during this phase. The facts are clear: the proportions of bonds broken during cycles
2, 3 and 4 are almost negligible next to the proportions of bonds broken during first cycle. As an example, the
highest proportion during cycles 2, 3 and 4 occurs with the post-relaxation configuration, at styax = 15 MPa,
with 8.1+2.7%, whereas 65.7+2.2% of total bonds are lost during first cycle (3.21e.®). A major difference
between pre-relaxation and post-relaxation configurations are the phase were majorities of bonds are broken.
In the pre-relaxation configuration, majorities of lost bonds are broken during relaxation, until stpax = 15 MPa
where they constitute 65.7+£3.0% (3.21e.®), against 29.8+3.1% during first cycle. At stmax = 20 MPa, the trend
reverses with 20.4+1.5% (3.21e.®) lost during relaxation compared to 71.0+1.7% during first cycle. When it
comes to post-relaxation configuration, bonds are in great majority broken during first cycle. Finally, another
major difference between pre-relaxation and post-relaxation configuration are the final proportions of broken
bonds (respectively dashed and dash-dotted curves). Indeed, the pre-relaxation configuration looses more bonds
than the post-relaxation configuration, as in proportions (Fig. 3.21e) as in absolute way (Figs. 3.21c and 3.21d).
Whatever the maximum bond stress, the pre-relaxation configuration leads to a less bonded particles bed than
the post-relaxation configuration. This fact may explain why the post-relaxation generation of bonds leads to a
higher swelling amplitude Athg,, during the first cycle (as in Fig. 3.20a) and the disappearance of the reduced

swelling amplitude from the second cycle (dark “canal” in Fig. 3.21a not present any more in Fig. 3.21b).
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Figure 3.21: Influence of pre-relaxation and post-relaxation generated bonds (9 values set, DAM reference
sample for stmax = 0 MPa) — a) Swelling amplitude thickness Delta (as a function of cycles and work of
adhesion, pre-relaxation generated bonds). b) Swelling amplitude thickness Delta (as a function of cycles
and work of adhesion, post-relaxation generated bonds). c¢) Number of bonds (relaxation and cycling, pre-
relaxation generated bonds). d) Number of bonds (relaxation and cycling, post-relaxation generated bonds). e)
Proportions of broken bonds as a function of maximum bond stress, phase in simulation (after relaxation, after
first cycle and after four cycles) and bonds activation. For each bar pair, pre-relaxation (PreRel) on the left
(dashed curve) and post-relaxation (PostRel) on the right (dash-dotted curve).
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3.3.6 Particles irreversibility

All the previous approaches addressed the reversible breathing of particles, with respect of Hyp. 2.A.v (page 74)
stated in Section 2.1.2. This last analysis aims to analyse the case where particles would breathe irreversibly. In
other words, if an eventual irreversibility occurs at the scale of our particles (due to irreversible electrochemistry,
for example), the objective is to evaluate how this irreversibility is transmitted to the electrode scale. To do so,
the protocol consists in making a single cycle and applying the virtual irreversibility developed in Section 2.3.4.

The protocol is made with six values of 7i, from O to 1.

3.3.6.a Linear breathing law

The first observation is the exact same results for all sensitivity parameters during relaxation and the first
swelling phase, as Fig. 3.22a shows for inertial number at 3.22a.@. Indeed, the irreversibility parameter only
affects simulations at the beginning of shrinking, where each simulation decreases more or less depending on
Tirr, as the raw thickness graph of Fig. 3.22b explicitly shows. It is possible to notice that for rj, = 1, the
inertial number drops to zero (no strain rate), and for lower values of ri., the inertial number increases due to
the increase of the strain rate, until a value of around 8.3x10 for the DAM reference sample case at 7j; = 0O

(3.22a.@). Similarly, the force is slightly less precise for lower values of ri (not shown in graphs). For a better

(a) (b)
103
124
F20%
10
~ @ L 15%
107*4 @ S e s e A i A b A A e o, 81
| T VN g TSRS ) AW ki AR —_
‘ MR fs 1 Y"'V#/“ ~~~~~~ o s am W i A ks W E
o - /},. ~~~~~~~~~~~~ Ao d s i oy .ET 6 L 10%
——00 f”’l” vt bl =
10-5 —— 02 I/ 4
—— 04 - 5%
——— 06 2
——— 08
------- 10 0 0%
10-° T
0 Cvel 1 0 Cvel 1
cle cle
(©) Y d) y
121
2.00
10 1
1.95 A
B * 1907 o
= =
- T 1.851
E
47 1.80
2 1.75
01 . . . . . 1.70 +— . . . .
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Tirr Tirr
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view, Fig. 3.22c presents the evolution of the irreversibility Ath, at first cycle. The evolution is quite linear
and a major point to underline is the first one (3.22¢.®), corresponding to DAM reference sample. As already
concluded in Section 3.2, it recalls that using simple Hertz-Mindlin contact law (detailed in Section 1.2.1.b)
with standard parameters is not enough to capture a significant breathing irreversibility. Talking about particles
rearrangement, the thickness Delta hardly describe the inner organisation of volumes. To do so, Fig. 3.22d
shows the evolution of the irreversibility breathing coefficient. The order of magnitude provided by these
curves at least gives us the volume change distribution, thanks to Table 2.2. With a maximum value reached at
rir = 0.2 (1.89£0.11) and a minimum at i, = 0.4 (1.79+0.07), the system is close to the balanced breathing
Fsir = 2, AViolia = AViyia). In fact, the equivalent value of Jyg i are 1.12 and 1.27, which means that the

particles irreversible volume variation is about 12% to 27% greater than the void volume variation.

Nevertheless, the interpretation of this result can not go further. If we wanted to extract a sensitivity conclu-
sion from this curve, we would say that the cases riy; = 0.4 and ri; = 0.6 would be the more interesting due to
their lower breathing coefficient, because closer to 1 means that all volume change comes from particles only,
and even closer to 0 means the void volume variation compensates the particles volume variation. However,
the variation of the breathing coefficient for different irreversibility ratios is of the same order of magnitude of
the statistical dispersion (area in Fig. 3.22d), so the correlation is more negligible compared the one captured

in previous sensitivity analysis.

3.3.6.b Electrochemical breathing law

As for silicon fraction analysis in Section 3.3.1, it is proposed here to make the same simulation by using the
particles breathing electrochemical law instead of linear volume law. As a recall, the idea behind this protocol
is to implement a non-synchronous breathing of particles (Si/C particles compared to Gr particles). The same

initial particles distributions and positions as linear law simulations were used.

As in the previous analysis with electrochemical breathing law in Section 3.3.1.b, a specific precaution is
required with this breathing law concerning the inertia of the system. Fortunately, this over-inertia effect seems
not noticeable as Fig. 3.23a shows, even for the fast shrinking at 7y = 0 where the inertial number reaches a
maximum of 1.7x10*+0.9x10* (3.23a.®). Concerning the thickness in Fig. 3.23b, the shape is consistent with
the breathing laws of Fig. 2.10. It particularly matches with the graphite breathing law due to the higher propor-
tion of this material. We indeed recognise in Fig. 3.23b the characteristic plateaus of the graphite (de)lithiation
transition stage 2L L (LiC;g<LiCj3), at 3.23b.@. However, the desynchronisation of breathing laws does
not seem to notably impact the irreversibility. In this optic, Fig. 3.23c displays irreversibility Ath;, for both
linear (results from Fig. 3.22¢) and electrochemical laws, where the curves are almost merged. The linear law
curve seems a little higher, suggesting a higher amount of void volume created. This is consistent with the
breathing coefficient displayed in Fig. 3.22d that indicates a higher value for linear laws: because the particles’
irreversibility is a common input between both laws, the difference necessarily comes from void volume. How-
ever, considering the dispersion areas, the difference between both cases is not particularly significant, even

more compared to previous sensitivity analysis.
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Figure 3.23: Influence of particles irreversibility with electrochemical breathing law (6 values set, DAM ref-
erence sample for v, = 0) — a) Inertial number (cycling). b) Thickness (cycling), thys ~ 56.0 um. c)
Irreversibility thickness Delta. d) Irreversibility breathing coefficient.

As a consequence, this approach of irreversibility transfer from particles to electrode scale presents in-
teresting results. The irreversibility at particles scale is directly transmitted to electrode due to almost linear
relationship. Of course, the irreversibility ratio #j,; does not explain the role of granular media in generating
electrode irreversibility, it is more a fitting parameter. In fact, the key observation appears through the intro-
duction of electrochemical law that brings a supplementary non-synchronism of breathing between both Si/C
and Gr particles. Even if the different is slight, the reduction of void volume suggests a different organisation

of particles.

3.4 Global analysis

3.4.1 Results summary

The previous section was a detailed review of all the different sensitivity analyses that have been made during
this thesis. The current paragraph aims to summarise the main observations, mainly in terms of swelling
amplitude and irreversibility. During all above developments, we practically talked about only the first cycle,

barely the second one, and never in detail about the next ones. In fact, the current structure of the DAM is
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not efficient enough to capture a gradual evolution over cycles. Indeed, most of significant results happened
during the first cycle and the states from the second cycle seemed systematically stable. Hence, all the results
presented here aims to explain at first cycle, not during next ones. To extend the progressiveness of the model
along cycles, a susceptible way would be using the DAM with breakable bonds set with a progressive wear. For
example, it is imagined to reduce individually the maximum bond stress of each bond as a function of the past
stress it was submitted to.

As an overview of the present chapter results, Table 3.2 draws simplified curves of swelling amplitude Aty
and ratio of irreversibility Ath;,, over swelling amplitude Athg,, as the orders of magnitude of their maximums
(letters A, B, C and D, significations detailed in legend).

The silicon fraction has a direct impact on the swelling amplitude, and even the most important, through a
linear variation going up to 40 um. The Deltas ratio Ath;,/Aths,, varied singularly, with a fast increase until an
asymptotic stabilisation at 10%. The friction and rotation was found to be either non-significantly impacting
breathing characteristics or physically non-reliable, due to the creation of “backbone branches” (strong pillars
of particles) that let most of the particles floating in empty space, removing any contact between particles. The
pressure was detected to diminish the swelling amplitude only at high values, and a maximum irreversibility was
detected close to the transition pressure. In fact, the pressure was closely linked to particles rigidity, through
the generalised stiffness level that impacts the breathing exactly the reversed way. The adhesion between
particles, activated before or after the relaxation, presents a logarithmic-like impact on swelling amplitude,
but first generates important irreversibility over swelling amplitude ratio with a similar evolution. Not shown
in Table 3.2, adhesion also generates a reduction of swelling amplitude from the second cycle at high values
of adhesion, even if these same values generate a huge swelling amplitude at first cycle. The breakable bonds
created before relaxation (pre-relaxation) presents a sharp distinction between lower values and higher values of
maximum bond stress, with an independence on breathing for lower values and a linear relationship for higher
values, giving birth to the highest irreversibilities captured with the DAM, until 70%. The breakable bonds
created before relaxation also generated a reduction of swelling amplitude from second cycle, as for adhesion.
In addition, creating the bonds after the relaxation (post-relaxation) smooths the transition between low and
high values of maximum bonds stress, concerning its impact on first cycle breathing characteristics. This type
of bonds generation also erases the reduction of swelling amplitude from the second cycle. Finally, the particles’
irreversibility is not an interesting parameter due to its independence from swelling amplitude. Conclusions are
quite intuitive and do not bring real innovative observations, in the limits of the DAM: irreversibility at particles

level is directly transmitted to electrode level, without characteristic optimum point.

3.4.2 Manufacturing guidelines for the design of low breathing electrodes

This global analysis enables to draw an estimated portrait of the “optimal electrode” with limited breathing,
considering a discrete nature of its structure. It should be composed of particles that breath as low as possible,
which is quite obvious and does not really consider the granular aspect. The fact remains that no signifi-
cant optimal point was captured through the virtual adding of swelling amplitude or irreversibility: the higher
swelling amplitude or irreversibility at particles scale, the higher swelling amplitude or irreversibility at elec-

trode scale with linear relationships. Thus, searching a better capacity using silicon necessarily leads to a more
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Parameter Athgy Athiy /Athgy Section

Silicon

fraction A 3.3.1

Friction/Rotation —_— —_— 3.3.2

Pressure 3.33.a

Particles
rigidity /
Particles bed
stiffness level

3.33b

Adhesion 3.34

Bonds

(PreRel) 3.3.5.a

Bonds

(PostRel) 3.35b

Particles

irreversibility 3.3.6

Table 3.2: Global analysis of DAM results (graduations represent maximums orders of magnitude) — Second
column) Swelling amplitude thickness Delta of first cycle (A: 10~15 um, B: 30 um, C: 40 um, DAM refer-
ence sample at A). Third column) Irreversibility over swelling amplitude thickness Deltas ratio of first cycle
(A: ~10%, B: ~40%, C: ~65%, D:~100%, DAM reference sample at around 0%). Prerel: pre-relaxation,
PostRel: post-relaxation.
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pronounced breathing, without eventual minimised point of swelling amplitude. Furthermore, this “optimal
electrode” should be as “soft” as possible, in other words composed of particles as soft as possible and sub-
mitted to a pressure as high as possible. However, an attention should be paid on this low rigidity, because a
peak of relative irreversibility exists at a stiffness number of ¥ ~ 180~350. The ideal is to reach a value under
this range. Finally, the choice of stickiness between particles (through the properties of the binder) depends on
the manufacturing process. The ideal configuration is to glue particles as strong as possible before relaxation
and anticipate an important swelling of the first cycle. Afterwards, the following cycles are expected to present
lower swelling amplitude than without stickiness between particles. However, if this first important swelling
and irreversibility is a problem, it is advised to decrease as much as possible the stickiness between particles.

Of course, these guidelines present substantial limits, starting with the fact it is based on a mechanical per-
spective only, especially on a model certainly incomplete due to its non-negligible structural simplifications.
The advised precautions have to be confronted to other fields that closely relates to battery technology, electro-
chemistry and process engineering being on the front line. For example, it can be underlined that the reduction
of stickiness between particles could be counter-productive for the material conductivity, or the increase of
pressure can imply a higher packing complexity or a limitation of ions diffusivity within the material.

Beyond composing a proposal for a new modelling approach, the analysis through the DAM is a mechanical

contribution, thus partial, to the understanding of electrode breathing.



Chapter 4

Experimental approach

4.1 Experimental needs

As for any modelling approach, a supplementary experimental approach provides a good base to criticise the
model. Consequently, it was chosen to give some time of the thesis to this aspect, as an extension of the work
already made by Vidal (2021-2023) [40], [52], [210]. Many thickness measurements were made in the work
of Delphine Vidal, but some features were never explored before, even considering the literature presented in
Chapter 1. After an overview of the work carried out by Delphine Vidal, two main threads were drawn for the
current thesis: the impact of pressure (partially addressed in Vidal’s thesis, at constant pressure) and the impact

of temperature (not addressed at all in Vidal’s thesis).

Nevertheless, beyond detailing this unexplored approaches, let us have an overview on an important is-
sue concerning the confrontation between simulation and experimental work, which is particularly the case in
DEM: “How to link any simulation parameters to a measurable physical quantity?”. In this optic, the Table 4.1
summarizes some key parameters, for a macroscopic experimental protocol on one side and for DEM simu-
lation on another side. The parameters that are shared between experiment and model are written in black.
However, the parameters written in light colour do not have a direct significance in the opposite column. For
example, a contact law has no direct counterpart in the experiment. Reciprocally, the temperature is an acces-
sible and controllable experimental parameter, but its controllability in DEM application is more indirect and
does not enter the scope of this thesis. In a nutshell, this reflection raises, once again, the difficulty to establish
correlations between a model that transfers a microscopic phenomenon to a larger scale and what it observed
experimentally at macroscopic scale. At this stage, the only way remained to make some assumptions in order
to unify the microscopic and macroscopic quantities. For example, the intuition about temperature is its impact
on the lubrication between particles, by changing the properties of the binder, and so the work of adhesion or

the bonds’ fragility within DAM. This aspect of “blurry micro/macro relationships” is discussed in this chapter.

For these reasons, temperature and pressure composed the main threads explored in this experimental ap-

proach.

141



142

CHAPTER 4. EXPERIMENTAL APPROACH

Experiment Model
(macro-scale) (micro-scale)
—  Mass fraction —  Mass fractions
—  Particles size distribution | — Particles sizes
Sample —  Porosity —  Porosity (indirect)
parameters —  Loading —  Loading
—  Binder type, quantity, etc. | = Contact laws
—  Mechanical properties
—  Pressure —  Pressure
Experimental | » soc —  Breathing laws
conditions > Temperature > Temperature dependent
contact models
—  Irreversible swelling —  Irreversible swelling
—  Hysteresis —  Hysteresis
Results —  Void volume changes —  Void volume change
—  Local data (coordination
number, local pressure
fields, etc.)

Table 4.1: Parameters comparison between experimental and model.

4.2 Experimental reference protocol

4.2.1 Pouch cell sample

All the measurements presented in this manuscript are made on a pouch cell sample whose active material
(anode + cathode) surface is around 3 x 3 cm and its initial thickness is about 60 + 80 um. The electrodes
are surrounded by other packing components: a separator and a pouch bag, composing the final sample, better
called “single layer pouch cell”, or more simply “pouch cell”. More precisely, this pouch cell is designed as
schemed in Fig. 4.1a.

Three main quantities were real-time measurable for this sample: the pressure, the temperature and the
thickness. However, it is highly important to have in mind what thickness is measured. In this sense, Fig. 4.1b

presents a cross-section scheme of the sample to detail what is comprised in the measured thickness:

> One layer of anode (bottom medium rectangle)
> One layer of separator (thin solid middle rectangle)
> One layer of cathode (top medium rectangle)
> Two layers of pouch bag (big bottom and top rectangles)
For manufacturing details, the trio of anode/cathode/separator are square layers placed in a heat-sealed

pouch bag filled with electrolyte. As for the sizes of anode, cathode and separator, they are respectively
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Figure 4.1: Scheme of pouch cell sample — a) Full scheme of pouch cell (scale 1:1). Size of compressed area:
32%x32 um (same as cathode). b) Cross-section scheme (thicknesses relatively at scale with each other). Anode:
~60 um, Cathode: ~80 um, Separator: 20 um, Pouch bag (one layer): 110 um.

35 mm, 32 mm and 40 mm square. The cathode active material is NMC622 (Nickel-Manganese-Cobalt,
LiNig ¢Mng»Cog20;) mixed in the following composition: 92wt% NMC622, 2wt% Super P, 2wt% VGCE,
4wt% PVDEF. The Super P improves the electrical contact at short distance, the VGCF (vapour grown carbon
fibres) enables a better electrical conduction at higher distance and the PVDF (polyvinylidene fluoride, from
Solvay) serves as binder between particles. The mixture is coated on a 20 um thick aluminium collector, for
final thickness of dried-calendared ink and collector of 79.8 + 2.5 um. The anode is a Si/C/Gr blend with
the following composition: 95wt% Si/C/Gr (where Si composes 6.4wt% of Si/C/Gr mass), 1wt% Super P,
1.5wt% Na-CMC, 2.5wt% SBR. The SP is similarly used for punctual electrical conduction improvement, Na-

CMC (sodium carboxymethyl cellulose) and SBR (styrene-butadiene rubber) are used as binder between parti-
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cles. The mixture is coated on a 10 um thin copper collector, for a final thickness of dried-calendared ink and
collector of 57.9 £ 0.7 um. The pairs of cathode/anode chosen for cycling protocols gave final capacity balance
(Qtot-/Qrot+) of 1.10 £ 0.02. The separator was a PP/PE/PP trilayer (polypropylene/polyethylene/polypropylene,
reference 2320 from Celgard), with a thickness of 20 um and a 48% porosity. The electrolyte was a liquid mix-
ture of solvents EC/DMC/EMC (ethylene carbonate/dimethyl carbonate/ethyl methyl carbonate, 3/5/2) with
2wt% VC (vinylene carbonate) and 10wt% FEC (fluoroethylene carbonate) as additives. Finally, the pouch bag
was a trilayered stack of 40 um thick aluminium foil between polypropylene and polyamide layers of 35 um

with no porosity, for a resulting thickness of 110 um.

4.2.2 Experimental device: “DForm’ test bench and electrochemical apparatus

The DForm bench is a homemade device that was developed to simultaneously measure a pouch bag sample
thickness and control the pressure applied. For example, it is capable of measuring a varying pressure while
maintaining a constant thickness of the cell, measuring a varying thickness while maintaining a constant pres-
sure. This second process that was used in this study: constant pressure and changing thickness. More precisely,
Fig. 4.2 schemes the DForm test bench. The power of compression is initially provided by a step motor @. The
power is transmitted through a pulley system @ to a first lever @, the latter maintained to the top by a spring @.
The power is transmitted by mechanical leverage to a secondary lever ®, the latter compressing a force sensor
® that measures the force applied on the sample with a precision of 1 N. The final pressure is finally applied
on the pouch cell @ placed between two anvils ®. Its thickness is measured by three linear variable differential
transformers displacement sensors @ (only two visible here), with a precision below 100 nm.

The DForm bench measures only mechanical quantities (thickness and force). The thermo-electrochemical
quantities (temperature, current, voltage) measurements as well as the cycling control are made by a Biologic
VMP3 bench, plugged to the pouch cell via both terminals (positive and negative in Fig. 4.1a). The electro-
chemical data are pre-processed by a Python-based auto-conversion step (from MPR to CSV format), and a
personal Python-based process merges the generated electrochemical data (from VMP3) with the mechanical

data (from DForm) to give the final displayable results.

4.2.3 Experimental reference protocol description

As already introduced in Section 4.1, the experimental approach is built on two main threads.

The first thread relies on the observation of an eventual visco-plastic behaviour due to compression on the
cell. Delphine Vidal has already measured the impact of pressure, but she did not measure the irreversibility
of these compressions, and especially the eventual origins of these irreversibilities. The final fundamental
protocol chosen, is the alternation between different levels of pressure with a reference one, in order to observe
the impact of punctual compressions at higher pressure.

The second thread is the observation of eventual change of visco-plastic behaviour of the cell during cycling
due to temperature. As already introduced before, our first intuition is that the major behaviour affected by
temperature is the binder behaviour, that is expected to play an important role in the contacts properties. Bulk

particle behaviour is thus supposed to be independent from temperature in the variation range chosen.
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Figure 4.2: Scheme of DForm bench, scale ~ 1:2 (with eventual resizing of subcomponents for readability
purpose) — @: step motor, @: pulley system, @: primary lever, ®: spring system in traction, ®: secondary
lever, ®: force sensor, @: sample, ®: anvils, @: linear variable differential transformers displacement sensors
(only two out of three shown here).

The reference protocol is built on the Pt (reference pressure of 0.3 MPa, introduced in Section 2.1.3.a),
with a cycling systematically made between 2.5 and 4.2 V. Furthermore, the reference protocol is composed of
two parts: the formation part and the cycling part. The formation part is divided into three cycles with gradual
C-rates (C/20, C/10, C/5), followed with six cycles at C/5 (even if, generally, the term “formation” designates
only the first cycle). The formation phase is submitted to a given pressure P that can change depending on
the experiment. The cycling part is made at constant C-rate C/5 and divided into four sub-parts: three cycles
under 1 MPa, four cycles under Pt (0.3 MPa), three cycles under 3 MPa and six cycles under P (0.3 MPa).
All along both parts, the temperature is kept constant, and its value depends on the experiment. It was initially
planned to make the reference protocol at three or four different temperatures, but only two (24°C and 61°C)

were finally measured.
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As summarised in Table 4.2, an experiment is systematically based on the reference protocol and defined
through two parameters: the temperature T and the pressure during formation P. Hence, when an experiment

is referred with a temperature and/or a pressure, these values respectively refer to these variables.

Formation ; Pressure variation
N“Cl;lflzrs of 1 1 7 3 4 3 6
C-rate C/20 C/10 C/5 C/5
Duration (h) 40 20 70 30 40 30 60
Potential range «— 2542V —
Temperature — T —
Pressure (MPa) — Py — 1 0.3 3 0.3

Table 4.2: Experimental reference protocol. The duration is estimated from the design capacity. When an
experiment is expressed with temperature and/or pressure, each refers to the respective I" and P, variables
in the table.

4.3 Anode thickness extraction through modelling

4.3.1 Extraction details and hypothesis

Even if the experimental device presented above generates precise results (precision of 100 nm of displacement
sensors), a major drawback is that it measures the whole sample thickness variation (anode, cathode, separator
and two layers of pouch bag), whereas only the anode thickness variation is wanted. To simplify the problem,

it is possible to state the following Set of Hypothesis 4.A:

(i) The thickness variation of cathode, separator and pouch bag are negligible compared to the thick-

ness variation of anode

This proposition was used in Delphine Vidal’s thesis (2021) [40], but its validity depends on the experi-
mental protocol. To understand this, let us remind that the thicknesses can vary over time due to two origins:
electrochemical and mechanical. The objective here is to extract the anode thickness variation (electrochemical
and mechanical) via a device that measures the whole sample thickness variation, including cathode, separator
and pouch bag. Moreover, the three latter components necessarily present mechanical thickness variation due
to pressure. If the pressure applied on the sample was constant (which was often the case in Vidal’s thesis), by
waiting enough time before cycling to let the system reaching its mechanical stable breathing, the mechanical
thickness variation of cathode, separator and pouch bag would have been certainly negligible and Hyp. 4.A.i
(page 146) acceptable. However, this is not the case in the reference protocol defined in Section 4.2.3, where
the pressure changes over time. For this reason, a deeper understanding of cathode, separator and pouch bag

behaviours is necessary to evaluate their participation into sample thickness variation.
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— For this purpose, the term “intermediary” will systematically be associated to the trio of cathode,

separator and pouch bag. —

The aim of this section is then to build a model that estimates the real-time variation of intermediary com-
ponents (mechanical for cathode, separator and pouch bag, electrochemical for cathode). With a more proper
term, the mechanical perspective introduced here is about the “rheology” of components, about the way they
deform under a given stress. The methodology follows the process drawn in Fig. 4.3. Before analysing the
main reference protocol data (left column), two works of estimation are made: rheological (centre column) and
electrochemical (right column). The rheological estimation is based on rheological measurement of interme-
diary components (cathode, separator and pouch bag). A rheological model is built and parametrised on the
measured stress/strain curves. The electrochemical estimation is based on literature, to estimate the electro-
chemical thickness variation of cathode. Both estimations are joined to estimate each intermediary component
thickness variation. The resulting thicknesses variation is finally subtracted from measured thickness variations

of reference protocol in order to obtain a better estimation of anode breathing.

To build this estimation works, a new set of hypothesis should be clarified, through the Set of Hypothe-
sis 4.B:

(i) The total thickness of pouch cell is composed only of the following components thicknesses:
anode, cathode, separator and pouch bag. The only other component present in the pouch cell is
the electrolyte. It designed to fill the pore volume of anode, cathode and separator, and as a liquid,
any excess of its volume can be ejected on the borders (out of thickness measurement). This hy-

pothesis is useful to extract the anode component from total pouch cell thickness (Section 4.4.1.a).

(ii) The material properties of the cathode are not influenced by its state of charge. Indeed, as
studied in [53], [156], [160], [161], the Young’s modulus of an active material can depend on its
lithium concentration. For simplification purpose, it is supposed here that rheological properties
of cathode active materials do not depend on their lithium concentration. However, corresponding
data for the cathode active material is not common in literature. Hence, this hypothesis is important

to determine the rheological equations (Section 4.3.2.c).

(iii) The pouch bag rheological properties are supposed not influenced by the contact with elec-
trolyte. Indeed, at the opposite of cathode and separator that are designed to be soaked with
electrolyte, the pouch bag is designed to be impermeable (non-porous and impermeable polymer

layer). This is necessary for pouch bag sample preparation (Section 4.3.2.a).

(iv) The DForm bench presents a constant error. When measuring with DForm test bench, it is
expected that a parasitic variation of thickness is generated by the device. This parasitic variation
is then supposed systematic. This systematic aspect is useful for the definition of cathode, separator

and pouch bag thicknesses (Section 4.3.2.a).
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Figure 4.3: Diagram of experimental data estimation of rheological and electrochemical thickness variation
of intermediary components (cathode, separator and pouch bag) to extract anode breathing — Left column)
Cathode electrochemical breathing estimation. Right column) Rheological thickness variation of intermediary
components (cathode, separator pouch bag) based on Novelisa model. Center column) Main measurement
corrected by the estimations of cathode breathing and rheological thickness variations to extract anode breath-

ing.
4.3.2 Intermediary components thickness variation due to rheology
4.3.2.a Description of rheological calibration

The objective here is to build a rheological model that predicts the mechanical behaviour of intermediary com-
ponents under a variable compression, more precisely the solicitation used to characterize the anode behaviour
(variable compressions of the reference protocol described in Table 4.2). To feed this understanding, a com-

pression test based on the reference protocol was built.

The rheological calibration consists in a unique and continuous compression test, with a rectangular vari-
ation of pressure over time. The values of pressure are based on the reference protocol: 0.3, 1, 3 MPa, and
6 MPa for a supplementary checking value. This pressure pattern is applied on different samples with different
compositions, as pictured in Fig. 4.4. It was originally planned to make a unique rheological calibration on
the sample BO1 to make a global analysis of all intermediary components (BO1 being the reference pouch cell

sample without the anode). The plan finally changed to a more complex one, in order to extract the behaviour
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Cathode (x5)
| Pouch bag (x2) Separator (x5)
Cathode (x1)
Pouch bag (x2)<|1 | Separator (x1)
(a) BO1 * (b) BO2 *
| |
Pouch bag (><2)~|::: | Separator (x1) Pouch bag (x2) | Separator (x5)
(c) BO3 * (d) BO4 *
Pouch bag (x5)
Pouch bag (x1) —|—
(e) BO5 (f) BO6
Pouch bag (x4) |
Pouch bag (x2) Cathode (x1)
(g) BO9 (h) B10*

Figure 4.4: Samples used for calibration of the mechanical model of intermediary components. Samples with
an asterisk “*” are sealed and contain electrolyte.

of each intermediary component with a better accuracy. For this reason, the samples B02 to 06 were crafted for
this purpose. For cathode and separator, the samples were built with pouch bags in order to maintain a contact
with electrolyte, because their wet state (soak with electrolyte) were expected to be quite different from their
dry state. This is not the case for the pouch bag which is especially designed to be non-porous and imperme-
able, as stated in Hyp. 4.B.iii (page 147). Thanks to these samples, it is then possible to extract the thickness

variations via a system of equations based on total thicknesses that gives the final following solutions:

thgor — theor  thgos — thgos

thcat = 4 4

thyep = M (4.1)
th

g — 71806

5
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It is possible to detect, in this protocol, a sort of “over-definition”. Indeed, theoretically, only three mea-
surements would have been enough to solve the system, for example by making one sample of only pouch bag
and two others with pouch bag + cathode and pouch bag + separator. The idea behind the current protocol
is also to get rid of any potential thickness deviation due to parasitic deformation of DForm bench. Thanks
to this approach, by supposing the error constant as stated in Hyp. 4.B.iv (page 147), subtracting two twined
measurements (e.g. BO1/B02 or BO3/B04) enable to extract the required component and to get rid of the error
simultaneously. Concerning the pouch bag, it can be noticed that only the sample BO6 is used for thickness ex-
traction. Indeed, the use of sample BOS5 led to a much noisier curve, and the resulting calibration led to an even
poorer prediction of the pouch bag behaviour (using the “muppet tests” in Section 4.3.2.e). Hence, because the
total measured thickness in BO6 was consequent (5 x 110 um), it was supposed that the DForm bench error was
attenuated enough, then only measurement of BO6 was used final parametrisation. The raw thickness extracted

from Eq. (4.1) are displayed in Fig. 4.5a.

4.3.2.b Extracted thicknesses of cathode, separator and pouch bag

The application of three equations of Eq. (4.1) provides the three curves of bottom plot of Fig. 4.5a. The results
relevantly present similar evolution: successive reductions of thickness as long as the pressure increases, and
the presence of an irreversible deformation when the pressure comes back to Pef. A singularity appears in
the cathode curves, where an increase of thickness can be observed at the beginning of the first compression
(4.5a.@). The most likely hypothesis for this discrepancy is certainly an error amplification. Indeed, in Eq. (4.1),
the cathode equation is based on four data sets (thgo1, thgoz, thgos, thgos), the separator on two data sets (thgos,
thgos4) and the pouch bag on one data set (thggg). Therefore, considering the absolute error of a measurement
data set U(th) (standard deviation), the final order of magnitude of absolute error is different depending on
the component (sum error propagation rule with standard deviations): U(thcy) = \@ﬁ(thsep) = 2U(thyyg) =
2u(th).

Coming back to the data, Fig. 4.5b displays the stress/strain curve of the cathode. Except for the deviation
at the beginning of this specific curve, all components follow the same behaviour, so the analysis made here
is similar for all intermediary components. The first observation relates to the slopes of relaxation (4.5b.9@).
Instead of presenting a unique slope, which would be the behaviour of a linear elastic material, the increase of
the slope demonstrates a non-constant value of the Young’s modulus. Additionally, the deformation presents
a time-dependent part (4.5b.®), which traduces a viscous property. Finally, horizontal viscous parts during
decompression, even if they almost reach their asymptotic value, do not come back to initial deformation, sign
of a cumulative plastic deformation (4.5b.®@). As a result, this quick analysis reveals at least three rheological

behaviours that the model has to take into account:

> Non-linear elasticity
> Viscosity

> Plasticity
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Figure 4.5: Extracted behaviours of intermediary components for rheological calibration — a) Top plot: pres-
sure applied on sample; Bottom plot: thickness variations of parallel components deduced from compression
tests on samples. b) Stress/Strain curve of cathode with rheological characteristics. @: non-linear elasticity,
®: viscosity, ®: plasticity.

4.3.2.c Rheological analysis and elements deduction

The objective is now to build the rheological model, called “Novelisa” in this manuscript. A first step of
analysis is necessary to determine the several basic elements of this model.

Concerning the elasticity, the Hooke’s form as in Eq. (1.4) is, of course, the first that comes in mind.
However, as previously introduced, the Young’s modulus seems to change dependently to the stress or the de-

formation. Thus, the elastic compression is not as simple as a linear form, a behaviour that has been already
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considered in literature. For example, Mai ef al. (2019) [56] introduced a porosity-dependent Young’s modulus,
through the form E = Ey(1 — /€)™, where € is the porosity, in order to simulate the hardening of the material
when the porosity decreases. In the same philosophy, Liu ef al. (2020) introduced a non-linear stress/strain
relationship via the form o = Ey + Eq€™. Finally, Li et al. (2022) [211] detail the behaviours of Li-ion battery
porous components, known to be softer than the dense material. For example, the NMC and graphite parti-
cles see their Young’s modulus drop down three or one order of magnitude, and the separator can present a
Young’s modulus dropping approximately from 1.4 to 0.22 GPa, when used as a battery component material.
They consequently reintroduced a semi-empirical porosity-dependent relationship defined as E = Ep(1 — ae)™,
where a and m are two fitting parameters. Consequently, using a non-linear elasticity is common for a model of
cell composed of either granular material (cathode) or polymeric (separator and partially pouch bag). Several
trials using linear elasticity have been made on the data of Fig. 4.5, but the Young’s modulus matching with
lower pressures was systematically too low for higher pressures (resulting over-estimated deformations at high
pressure). To explain this behaviour, it is supposed that the Young’s modulus increasing is due either to varia-
tion of pore volumes cathode or polymeric structure change for separator and pouch bag. It was then decided
to introduce the following form of non-linear spring, whose Young’s modulus is dependent to the irreversible

strain (plastic and viscoplastic).

o(t)
E (1 + aesirr(t)> e

e(t) = 4.2)

Where a. and m. are two fitting parameters (setting a. to zero makes the form come back to the Hooke’s
law). Through this formulation, the implemented Young’s modulus E does not correspond to the bulk material
rigidity, but to the sample rigidity without deformation, so the value is expected to be at low order of magnitude.

We can then define an “equivalent” Young’ modulus dependent to the irreversible strain:

TNe

E/(ein) = E(1 n aesirr(t)> 4.3)
Where the irreversible strain is defined as the sum of plastic and visco-plastic strains:
eirr(t) = €p(t) + &yp(t) (4.4)

Concerning the elastic viscosity, the usual form of damping seemed enough to accurately simulate the

time-dependent part, via the form of the damper:
. o(t
Eve(f) = 1(1) 4.5)

Concerning the plasticity, this required knowledge that was found in the book “Mécanique des matériaux
solides” from Lemaitre & Chaboche (1985) [212], where the plasticity is richly treated. In this optic, the
plasticity was tackled through two approaches: instantaneous and time-dependent (viscous). Indeed, beyond
the usual instantaneous plasticity (occurring during the lighter slopes, opposite to elastic slopes @ in Fig. 4.5b),
the temporal evolution during compression at 1, 3 and 6 MPa (see Fig. 4.5a) seems asymmetric compared

to the associated relaxation. The presence of a visco-plastic behaviour was suspected. Consequently, the
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instantaneous plasticity was introduced via a Ramberg-Osgood equation (based Ramberg & Osgood (1943)
[213]), in section 2.1.2 in Lemaitre & Chaboche (1985) [212]:

e(t) = <w>n (4.6)

Where oy, is the plastic yield stress (minimum stress for a first plastic deformation), H,, and m,, are two

fitting parameters. Here, the brackets represent the positive part:

0 ify<o0
<y>—{ vy 4.7)
y ify>0

In addition, & is the highest stress value reached beforehand defined as:

5(t) = max (a(t/) vt e [0, t]) 4.8)

For the viscous plasticity, an isotropic hardening visco-plasticity was used, more particularly the law pro-

posed in section 4.2.3 in Lemaitre & Chaboche (1985) [212] for the case of successive loads:

O'(t) — valévp(t) - O.YVp >nVP (49)

évp(t) = éunity< H )
vp.

Where oy, is the visco-plastic yield stress, Hyp and myp are two fitting parameters, and éunity is a parameter
of dimension homogenisation (so that H,,, has the dimension of pressure). Moreover, &, is the cumulative

visco-plastic strain defined as:

t
Eop(t) = f £up(t) dt (4.10)

0
As a result, the Novelisa model is based on a combination of this fundamental elements. The name is
inspired from the resulting NOn-linear ViscoELastic ISotropic hArdening (NOVELISA) behaviour the model

describes.

4.3.2.d Structure and numerical implementation

The Novelisa model is based on the consideration of four fundamental rheological behaviours: elastic, vis-
coelastic, plastic and visco-plastic. These behaviours are respectively modelled by the four elements (A),
© and (D) drawn in Fig. 4.6. The element (A) represents the instantaneous elasticity (non-linear spring), the
element (B) the viscoelasticity (damper in parallel with non-linear spring), the element (C) represents the instan-
taneous plasticity (slider with non-linear spring) and the element (D) represents the visco-plasticity (non-linear

damper). Due to the series combination, the total deformation and stress are then defined by:

(4.11)

&€ =€p+Egtéct+E€p
0 =04 = 0B =0C = 0D
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Figure 4.6: Rheological scheme of Novelisa model and fitting parameters. The diagonal arrows represent the
non-linear relationship — (A): non-linear elasticity, B): non-linear visco-elasticity, (C): non-linear plasticity,
D): non-linear visco-plasticity

For the resolution, the evolution over time of o is already known (pressure as input) but it is not defined
through a proper analytical form. Consequently, resolving the evolution over time of € requires a discretisation

of the four following equations, each one related to an element (respectively ), ®B), (© and D)):

a(t) _
EA<14‘UA5CD(”> !
| o)~ ngéa

EA<14-GA€CD(ﬂ> !

ec(t) = <5-(t)H_;‘YC>nC

) ) o(t) — Hpiép(t) — o b
éol() =ty ( = HREREO =0 )

ea(t) =

ep(t

A

(4.12)

The equations for strain (A) and (C) are quite explicit at the opposite of strains and (D). After discreti-
sation, the equation for strain (B) is now explicit, but this is not the case for strain (D) that depends on £p. The
resolution is then solved by an approximation of the value of &p based on the previous time step. Finally, the
time step can be determined through a sensitivity test, going from a large value and decreasing until the new
value does not affect the result any more. After this test, considering the orders of magnitude of rheological
parameters, it is found that two minutes is a good compromise between physical reliability and computation
time. When computed for experimental result estimation, the time step is reduced to the experimental data set

time step, i.e. 10 seconds. The resulting algorithm is detailed in Algorithm 2.
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Algorithm 2: NOVELISA ALGORITHM

Input: ¢[0, hmax], At, E4, Eg, ng, Hc, Hp1, Hpo, aa, ag, m4, mp, 1c, Mp, oyc, 0yD

1 for i = 1 to hpyay do

<

o . Ch— o " — oyc\ nc

2 5t = oM if o' > 5" 1 else 5" 1 s’é=<7yc>
—Hpéy " —o np el ¢

h _<6 D1¢p YD> . sk _sh-1, €D Dns  oh k-1 0
3 &hH = ;0 € =E + = At; e =¢ + Ate

b Hps D~ D 2 ) Dh 1 D D

h _
I W oh. ok o .k Ato” + ngeg
EA(1+OA8CD) A AtEB(l-i-(IBECD) B+ 1p

h_ oh h h h

5 | el =gl +ef+el+e

Output: ¢, €4, €5, €c, €D,

4.3.2.e Parametrisation

To better understand their role in the model, Fig. 4.7 displays a progressive introduction of the rheological
elements (A), B), © and (D). First, using the element (A) with a pure linear behaviour gives the reversible
rectangular reaction of Fig. 4.7a, where the time-dependency is obviously missing. Adding the element (B) with
linear reaction leads to a common Zener model, resulting the curve of Fig. 4.7b. As we can see, the deformation
at higher pressure is over-estimated, which is coherent with the non-linear elasticity deduced from Fig. 4.5b.
The addition of this non-linearity only appears when plastic and/or visco-plastic deformation occurs, as shown
in Fig. 4.7¢ where the bottom dash-dotted line represents the instantaneous plasticity of element (C). Finally,
the element (D) refines the model by smoothing the slopes during compressions at higher pressures, giving the
final curve of Fig. 4.7d. Furthermore, Fig. 4.7e draws the evolution of the equivalent Young’s modulus E 4’ for
the cathode. It starts from the initial input value and gradually increases through a succession of instantaneous
jump (dependence to instantaneous plasticity), time-dependent progression (dependence to visco-plasticity) and
plateaus (no plastic deformation occurs). With a range varying between 45 and 65 MPa, the order of magnitude
is quite low, considering the values given by Li et al. (2022) [211]. First, we can think that a problem comes
from the model parametrisation. In fact, the fitting parameters were set via a Powell minimisation algorithm of
mean absolute error between experimental and simulation curves, so it can be imagined that the minimisation
gave a fitting result but with physically inconsistent parameters. Nevertheless, this automatic process was
manually corrected to obtain the right orders of magnitude. Despite this process, the best Young’s moduli
required to be that low to obtain the vertical drops of relaxation. As a consequence, suspicions come from
the experimental curve itself. As we saw during the uncertainty analysis of Eq. (4.1), the cathode behaviour
presents a high accumulated error, so the current fitting is efficient for this curve, but maybe not as accurate as
it lets imagines to describe the component generally.

Consequently, an ensuring step is to refine the fitting parameters via what we can call, in a playful way,
a “muppet test”. It consists in making a complex pressure variation on a checking sample and testing the
Novelisa model on this new measurement, in order to validate or improve the Novelisa model parametrisation.

The samples B09 and B10 (Figs. 4.4g and 4.4h) have been made for this purpose. By applying this test,
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Figure 4.7: Progressive introduction of rheological elements in Novelisa model, example with cathode —
MAE: Mean Absolute Error, R%: coefficient of determination experiment/model. a) Linear elastic model.
b) Linear elastic/visco-elastic model. ¢) Non-linear elastic/visco-elastic and plastic model. d) Non-linear
elastic/visco-elastic and plastic/visco-plastic model. e) Evolution of equivalent Young’s modulus E 4.
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it was systematically noticed that the settings was too soft, and a slight increase of non-viscous elastic or
plastic rigidity led to a better match. After the estimation, the fitting was surprisingly good for the sample B09
(Fig. 4.4g) with a coefficient of determination R? of around 0.908 detailed in Fig. 4.8a, which indicates a good fit
of the model. The most important observation of this muppet test is the stability of the Novelisa model (at least
for this test), i.e. its ability to avoid any significant cumulative error that leads to a progressive divergence with

experimental result. However, the model is much less matching for sample B10, as presented in Fig. 4.8b, where

(a) "< 3
=1
e 11
b 0-
0.8 1
0.6 1
S
w 0.4
0.2 1
MAE =33 x104| ——— Experimental
0.0 R* = 0908 —— Novelisa
0 20 40 60 80 100 120 140
Time [h]
(b)

7

MAE= @ ——— Experimental
R* = —144) —— Novelisa
0 50 100 150 200 250
Time [h]

Figure 4.8: Muppet tests after correction of rheological parameters — MAE: Mean Absolute Error, R?:
coefficient of determination experiment/model. a) Sample B0O9 (four layers of pouch bag). b) Sample BI10 (on
cathode and two layers of pouch bag).
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the negative coefficient of determination witnesses a poor prediction of the Novelisa model. More precisely,
its stability and qualitative prediction are quite good, but the real issue appears for order of magnitude of
instantaneous deformations, as elastic as plastic. For example, after the succession of several pressure changes
at t ~ 100 h, the model highly under-estimates the following relaxation. Another important observation is
the discrepancy due initial values. The first deformation at { = O h is a crucial instant in the prediction of
the model. As it can be seen, the initial error leads to a substantial constant error that remains all along the
simulation. This makes us realise how difficult it is to precisely set up a model based on indirect measurements
of components. The main mistakes of rheological calibration is the limited study of the relaxation behaviours
of components (leading to an eventual false prediction of plastic behaviour) and the underestimation of the
initial deformation importance in the measurement protocols. The whole parametrisation process lead to the

final rheological parameters summarised in Table 4.3

4.3.3 Cathode thickness variation due to electrochemistry

The Novelisa model developed in previous section takes into account only the mechanical deformation. How-
ever, it does not take into account the variation of volume due to electrochemistry, more precisely concerning
the cathode that is also subjected to electrochemical breathing. As a result, it is proposed here to take into
account this aspect, through a simplified model of cathode breathing. Vidal (2021) [40] already made an ap-
proximation of this breathing, by taking the data provided by de Biasi ef al. (2017) [214]. The latter authors
reveal a approximately linear change of a NMC unit cell volume from 0 to —2.4%, with the potential (VS
lithium) varying from 3.6 to 4.3 V. For simplification purpose, the discrete structure of cathode is not consid-
ered here, it is supposed that the volume variation of pure NMC is directly transmitted to thickness change.
Because the cathode is not entirely composed of NMC (92%), another factor Anyc = 0.92 limits the volume

change to this fraction. Hence, the electrochemical volume variation of cathode is defined as:

Parameter Ex Eg 1g as ag Hc Hpp
Unit MPa GPa TPa.s - - GPa GPa
Cathode 45 0.3 2 5 5 1 1
Separator 400 1 5 40 10 5%10%0 0.6
Pouch bag 100 5 25 40 10 1x10'2 10
Parameter Hp, oyc oYD np Tnp e np
Unit GPa Pa Pa - - - -
Cathode 4 0 0 10 2 0.7 2
Separator 12 0 0 2 1 0.08 2
Pouch bag 10 0 0 12 1 0.16 2

Table 4.3: Novelisa model final parameters.
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thcat,electrochemical = thcat,O ANMC ONMC (Q) (4 13)

Where vnmc(Q) is the function defined in Fig. 4.9.
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Figure 4.9: Relative volume of NMC622 cathode as a function of capacity. Maximum value of capacity Qmax
depends on the sample mass. Adapted from de Biasi et al. (2017) [214], Figure 9a “.

% © The Journal of Physical Chemistry C. Reproduced under charge-free nature of reuse. American Chemical Society, all rights
reserved.

4.4 Results

All the samples used for the following results had the same structure as the reference pouch cell schemed in
Fig. 4.1. They have been submitted to different constraints during cycling, in order to analyse the parameters
introduced in Section 4.2.3. They follow the description introduced in Table 4.4.

The sample name is composed of the letter A followed by two digits (from 01 to 06). When it is followed
by an underscore and a digit, it corresponds to an experiment key. The digit is the index of the experiment.

Example: “A01_1" is the experiment number 1 made on the sample AO1.

4.4.1 Reproducibility and anode thickness estimation
4.4.1.a Raw data analysis

A first protocol has been made on samples AO1 and A02 in order to test the reference protocol reproducibility,
by doubling the measurement at room temperature (24°C) and reference pressure (0.3 MPa) during formation.
The curves in Fig. 4.10a displays the results of reference protocol, with the three first cycles at C-rates of
C/20, C/10 and C/5 (so progressively faster), followed by cycles at C/5 submitted to successive compressions
and relaxations. The curves of samples AO1 and AO2 reveal to be really close. The slight differences of
cycling periods certainly comes from the uncertainty of sample capacities, leading to slightly diverging C-rates.
These close results are quite ensuring concerning the reliability of the DForm test bench used for the reference
protocol. Even during the compressions at 1 and 3 MPa, the thickness changes of both results efficiently follow
the same path. Through this first protocol, interesting features already appear. Indeed, we can observe the
progressive irreversibility, cycle after cycle, which is particularly present during the first cycle. Hence, two

questions raise from these observations:



160 CHAPTER 4. EXPERIMENTAL APPROACH

> For a given pressure, does a stable breathing exist? By “stable breathing”, it means a state where

the irreversibility is equal to zero and the swelling amplitude is constant.

> If the stable breathing exists, does the pressure present a memory effect on it? In other words, by
starting from an initial pressure, changing to another one and coming back to the initial one, does it

change the initial stable breathing?

In this case, the progression to this eventual stable breathing (maximum at 10.6 um, 4.10a.®) is interrupted
by the compression at 1 MPa. After this first compression, the eventual stable breathing at P.¢ seems lower
(maximum at 10.0 um, 4.10a.®). During the compression at 3 MPa, the pressure is such that the thickness
change tends into negative values, i.e. the thickness is lower than its value at the beginning of cycling. After this
second compression, the stable breathing at P.f seems once again changed to an even lower amount (maximum
at 8.3 um, 4.10a.®). By consequence, the breathing of the sample seems to keep the history of the temporary
compression at higher pressure. Nevertheless, this conclusion is limited by several facts. Firstly, the low number
of cycles at Ppr limits the real estimation of the asymptotes and makes the evaluation of the stable breathing
much less certain. Secondly, we have to remind that these curves are not corrected by application of Novelisa
model, so the current thickness change includes all the components, including cathode, separator and pouch
bag.

For this purpose, Fig. 4.10b plots the curves of results AO1_1 of the full sample (lighter solid line) and the
same curve after estimation with Novelisa model, supposed as the real behaviour of the anode (darker solid line)
according to Hyp. 4.B.i (page 147) (total thickness composed by anode, cathode, separator and pouch bag). The
different predicted behaviours of cathode, separator and pouch bag are plotted in dashed lines (as opposite to
anode and cell curves, their initial values are not set to zero to conserve their real change magnitude). As

expected, the separator has a limited impact on the global thickness change due to its low thickness. The most

Sample Experiment Protpcgl Protocol aim /
key description Analysed parameter

AO01 AO01_1 RP, 0.3 MPa, 24°C Reference results
A2 AL RPO3MPa24°C  Reproducibility test of RP at 24°C
"""""""" AOGL  RPO3MPa6IC Influenceof emperatee

Av A03_2 C5, 0.3MPa, 24°C  Test of sample A03 reliability
A AOLI RP03MPa6I°C Reproducibility testof RPat61°C
A0S AOS1  RPIMPa24°C Influence of pressure during formation
AO6 A6l RP3MPa,24°C  Influence of pressure during formation

Table 4.4: Experimental protocols summary — A##: convention of sample name, A##_#: convention of exper-
iment key, RP: Reference Protocol, C5: cycling at C/5. For reference protocol (RP), the pressure indicates the
formation pressure (P, in Table 4.2). For simple cycling (C5), the pressure indicates the pressure applied all
along the cycling.
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Figure 4.10: Full cell and extracted anode thicknesses — a) Reproducibility test of reference protocol (24°C
and 0.3 MPa during formation). Thickness correspond to full cell. b) Extraction of anode thickness change
from AOI_I results with Novelisa model (initial value of new curve in solid line reset to zero after correction).
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impacting component is the cathode, predicted to be the softest of the components, engendering a variation of
around 5.9 um under a pressure of 3 MPa (4.10b.@). However, even if it was measured to be of higher rigidity,
the thickness variation of pouch bag is non-negligible due to its large initial thickness, reaching 2.0 ym of
thickness change under a pressure of 3 MPa (4.10b.®). The resulting thickness change of the anode now shows
a more stable evolution. By making the parallel of the highest points in Fig. 4.10a (©, @ and ®), the equivalent
points in Fig. 4.10b (®vis, @bis and @bis) have less significant amount concerning eventual stable breathing,
with respective values of 12.0, 12.1 and 11.4. The history of pressure on the eventual stable breathing at Pys
(0.3 MPa) still seems to occur, the previous higher pressures (1 and 3 MPa) reducing the mean breathing value,
but once again, the number of cycles makes difficult the estimation of the final stabilised breathing of the
anode. Hence, these precise results are incomplete to state if a temporary compression at higher pressure of the
breathing anode is able to permanently change its stable breathing, if it exists.

In fact, the difficulty to reach an eventual breathing state for such a breathing system is expected. In her
thesis in 2021 [40], Delphine Vidal already made some extended cycling and, depending on the used material,
noticed what we can call a “pseudo-stable breathing”, i.e. a phase where the breathing still deviates but at a
constant rate. For example, Fig. 4.11a illustrates three different extend cyclings for different material for cath-
ode (NMC622, NMC811 and LCO) under 0.1 MPa, until 87 cycles. Even after this numerous cycles, all the
cyclings still deviate with a more or less linear form, suggesting that the pressure at 0.1 MPa is not enough to
obtain a stable breathing. Hence, to state if a stable breathing is likely, a parallel with hydrogen storage can be
made. In his review of hydrogen storage using hydrides in 2021 [23], Olivier Gillia noticed that this technolog-
ical solution presents such a “stabilised densification state” of hydride beds. However, the number of breathing
cycles necessary to reach this stabilised state is huge (around a hundred). More precisely, when it comes to
dependency to pressure, Galvis Escobar et al. (2017) [215] made cycling measurement on a hydrogen storage
alloy for different levels of pressure (0.0325, 0.12 and 0.84 MPa). The results are displayed in Fig. 4.11b. It
interestingly reveals three different states depending on pressure. At low pressure (0.0325 MPa), the breathing
seems to deviate indefinitely (or with a very long time of stabilisation). At high pressure (0.84 MPa), the breath-
ing stabilises at lower volume than the initial volume. Finally, at middle pressure (0.12 MPa), the breathing
seems quasi-stabilised around the initial volume. Consequently, considering the anode breathing in Fig. 4.10b,
it seems to follow a similar behaviour, so the existence a stable breathing is likely, as long as the right pressure

is applied.

4.4.1.b Delta quantities analysis

A deeper analysis of Delta quantities can bring further information on the impact of pressure on the anode.
First, a noticeable point is the different dependencies on pressure changes. The capacity is independent
of pressure, following a constant decrease rate over cycles. The particles breathing being mainly dictated by
stored capacity, it is then supposed to be also decreasing with the same rate. At the opposite, swelling amplitude
and irreversibility are clearly impacted, through the presence of increasing or decreasing peaks when pressure
changes, demonstrating a noticeable change of sample shape. Consequently, these important variations of
swelling amplitude and irreversibility are more likely to be explained through a particles’ reorganisation rather

than a variation of particles breathing (even though, these results are not sufficient to prove it).
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Figure 4.11: Long cycling of battery cell and hydrogen material storage hydride to observe long period of
breathing stabilisation — a) Breathing of three pouch cells with 6wt% of silicon in anode mass, built with
different cathode material: Nickel-Manganese-Cobalt (NMC622 and NMC811), Lithium Cobalt Oxide (LCO).
A total of 87 cycles was made under 0.1 MPa. Adapted from Vidal (2021) [40], Figure V-12 *. b) Volume and
temperature change of hydrogen storage alloy, during hydrogenation-dehydrogenation stages, for three levels
pressure (0.0325, 0.12 and 0.84 MPa). Adapted from Galvis et al. (2017) [215], Figure 4 °.

% © Thesis archives. Open access.
b © Hydrogen Energy Publications LLC. Reproduced under charge-free nature of reuse. Elsevier Ltd., all rights reserved.

The swelling amplitude Ath is necessarily impacted by the variation of charged capacity per cycle (the less
lithiation/delithiation, the less breathing amplitude, and vice versa). To demonstrate it, Fig. 4.12 plots the Deltas
quantities of capacity, swelling amplitude and irreversibility as a function of cycles. The clear detail observed
here is the similarity of shapes, with a drastic decrease during the three first cycles and a quick stabilisation
at an almost constant value. In fact, the “almost” is important in our analysis. The fact that charged capacity
decreases during the first cycles is not astonishing, engendered by lithium interface formation during first cycles
and decreasingly affected as the C-rate increases. The total capacity indeed decreases from 28.9 mAh (4.12.@)
to 23.7 mAh (4.12.9Q), i.e. around 18.0% of initial capacity, in just four cycles. Consequently, a decrease of
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the thickness swelling amplitude at the beginning is coherent. However, the precise amount of this decrease is
more inconsistent. Looking at the equivalent extreme point of initial decrease, the swelling amplitude Athg,,
drops from 9.3 um (4.12.®vis) to 6.3 pm (4.12.@pbis), which represents a decrease of 32.3% (with swelling
amplitude at first charge for reference). Hence, at least, it proves that the swelling amplitude thickness Delta
is not proportional to the charged capacity per cycle. Indeed, the third graph from the top presents the ratio of
charged capacity over swelling amplitude, showing a gradual decrease. Firstly, because it is not constant, both
quantities are not proportional. Secondly, the gradual decrease of this ratio suggests that the swelling amplitude
is progressively more created by another origin than the capacity loss. In addition, this discrepancy does not

only occur during the first cycles. In fact, these curves fit quite well with an exponential law of the form:
c
y(c) = A+ Bc+Cexp (_p) (4.14)

Where c represents time index in cycles. The resulting fits are plotted in dashed lines in Fig. 4.12, with a
particular case for irreversibility thickness Delta where B is set to zero. It results the parameters in the Table 4.5
(experiment AO1_1). These fits consequently describe the evolution of these quantities as a succession of
two main states: the “formation breathing” and the “pseudo-stable breathing”. The “formation breathing”
corresponds to the important drops at the beginning of the cycling, associated to the stabilisation phase of the
exponential part. During this stage, the first electrochemical reactions generate the first decomposition products,
which leads to an important loss of lithium and so of capacity. According to the values characteristic times p,
by considering the common definition at 3p (5% of asymptotic value), this phase ends approximately after 2 or
3 cycles. Afterwards, the “pseudo-stable breathing”, as introduced in previous section (Section 4.4.1.a) consists
in a phase where the breathing still deviates but at a constant rate. The electrochemistry has stabilised and most
of the capacity exchanged is reversible, but not totally, which leads to a slight deviation. This is this deviation
the parameter B quantifies. For the capacity, the decrease rate is about 0.03 mAh/cycle, and for the swelling
amplitude, the rate is about 0.04 um/cycle. Concerning the irreversibility, the parameter B was set to zero due

to the constant irreversibility captured until the end of the measurement.

Concerning the proposed exponential fit, the introduction of the “pseudo-stable breathing” through the lin-
ear component Bc is questionable, because this equation suggests an infinite deviation. It can be imagined
that the pseudo-stable breathing certainly leads, after a sufficient number of cycles, to a final stable breathing
(swelling amplitude tending to a constant value and the irreversibility to zero). In this case, the infinite devi-
ation due to linear component Bc would not fit any more. Instead, another exponential form with a very long
response time would be more appropriate. Nevertheless, considering the number of cycles measured, the linear
component Bc seems more adapted and presents the advantage of improving readability, in terms of capacity

loss and breathing change per cycle.

These first results demonstrate the difficulty to evaluate the role of particles reorganisation in the varia-
tion of breathing behaviour. The presence of a decreasing capacity certainly creates a diminution of swelling
amplitude, with a relationship that can be hardly captured through such experimental device. The variations
of swelling amplitude and irreversibility, when pressure changes, are the only observations that suggest a real

contribution of particles reorganisation, but the assessment of this contribution is still unclear.
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Figure 4.12: Delta graphs of results AOI_1 (24°C and 0.3 MPa during formation). Thickness data based on
extracted anode thickness (obtained after process described in Fig. 4.3) — Top graph) Charged capacity per
cycle. Middle top graph) Swelling amplitude thickness Delta. Middle bottom graph) Ratio of charged capacity

over swelling amplitude thickness Delta. Bottom graph) Irreversibility thickness Delta. Dashed lines are the
fitting exponential functions of form y(c) = A + Bc + Cexp —]% (values in Table 4.5).
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A0l 1 : A03 1

Paometer | A B C p i A B C p
Unit [y] [yl/cycle  [y] cycle [y] [yl/cycle  [y] cycle
AQ 24.0 -0.03 19.9 0.72 28.5 -0.19 33.6 0.41
Athgy 6.3 -0.04 13.7 0.66 5.5 -0.06 6.3 1.61
Athiyy 0.2 0 13.7 0.73 0.2 0 9.3 1.03
A05_1 A06_1

Parameter A B C p A B C b

Unit [v] [yl/cycle [y] cycle i [y] [yl/cycle [y] cycle

AQ 23.8 -0.02 19.2 0.79 23.6 -0.02 194 0.75
Athgy, 5.6 -0.02 6.8 1.02 5.0 -0.02 3.5 1.12
Athiy, 0.1 0 7.1 0.83 0.1 0 2.7 0.72

Table 4.5: Exponential fits of Delta quantities for experiments AOI_1 (Figs. 4.12, 4.14 and 4.16), A03_1
(Fig. 4.14), A05_1 (Figs. 4.16 and 4.17) and A06_1 (Figs. 4.16 and 4.17). Unit based on parameter individual
unit: for AQ, [y] = mAh, for Athy,, and Athi,,, [y] = um.

4.4.2 Influence of temperature
4.4.2.a Reproducibility and global analysis

The reference protocol was made at room temperature approximately equal to 24.5+0.5°C. For high temper-
ature, the DForm test bench was placed in climatic chamber oven from BINDER (model ED-400), where
the temperature was maintained at 61.4+0.5°C. The results reveal a lower reproducibility at this temperature.
Indeed, samples A03 and AO4 were submitted to the reference protocol at 61°C. The comparison of both thick-
ness curves are displayed in Fig. 4.13. As opposite to samples cycled at 24°C that were well synchronised
(see experiments AO1_1 and A02_1, Fig. 4.10a), the current cycling periods diverge significantly. Moreover,
both shapes reveal a singular shrinking behaviour, absent from the breathing at 24°C. Indeed, after the end of
charge, the thickness decreases immediately, whereas for both A0O3_1 and A0O4_1 experiments, the shrinking is
slightly delayed, which gives this smoother shapes. The fact that it occurs once again reinforce the hypothesis
of temperature influence. Furthermore, it was initially planned to make supplementary cycling tests on samples
A03 and A04 at 24°C, but both experiments failed (A03 generated an important amount of gas that inflated the
pouch bag and A04 potential dropped to negative values at beginning of cycling). It is likely that the cycling at
61°C has damaged the samples.

Despite this bad reproducibility, the impact of temperature can be analysed. As a global summary, Fig. 4.14
displays the whole comparison between experiment AO1_1 (24°C) and A03_1 (61°C). By considering the raw

thickness change in top graph, the evolution is globally quite similar, with a comparable reaction to pressure
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Figure 4.13: Reproducibility test at high temperature: comparison of experiment AO3_1 with AO4_1 (both at
61°C and 0.3 MPa during formation), twelfth first cycle including formation. Thickness data based on extracted
anode thickness (obtained after process described in Fig. 4.3).

variation. The first observable difference induced by temperature is the swelling amplitude. Indeed, by looking
at the second graph from the bottom, the 61°C swelling amplitude is almost 1.4 um lower than 24°C, at the 25™
cycle (4.14.®). In fact, it mostly comes from a progressive divergence between both curves, as revealed by the
exponential fits (with values summarized in Table 4.5). Starting from equivalent initial swelling amplitudes, the
breathing at 61°C decreases with a rate of 0.06 pm/cycle, against 0.04 um/cycle at 24°C. This higher rate can
be partially explained by the decrease of capacity. At 61°C, it begins at a higher value, with 31.3 mAh accessed
during the first cycle (4.14.@). However, it quickly decreases, with a rate of around 0.19 mAh lost every cycle
(against 0.03 at 24°C, so a factor of around 6). This is coherent with common observations of heated pouch
cell: temperature improves the ions’ diffusion so enlarges the amount of accessible lithium. However, it shows
here that it drastically accelerates the capacity loss, and few supplementary cycles would have probably led to

inferior capacity, compared to 24°C.

The other interesting observable feature is the influence of pressure change on capacity, in the 61°C case.
Indeed, we can notice a brief increase at the compression at 1 MPa (of around 2.7 mAh, 4.14.®) and more
permanent at the compression at 3 MPa (of around 0.7 mAh, 4.14.®). Thus, temperature seems to have increase

sample sensitivity to pressure variation, considering an electrochemical perspective.

These impacts on the capacity implies an issue when it comes to the breathing analysis. More precisely,
the significant variation of capacity certainly generates a variation of particles breathing. Thus, at the scale the
measurement takes place, it is impossible to rigorously quantify the anode breathing variation that comes from
particles themselves, as opposed to the variation that comes from their rearrangement. The temperature may
have an impact on the particles contact, more precisely on the binder, but the current results are too limited.
At least, as the bottom graph in Fig. 4.14 shows, it is suggested that the breathing irreversibility seems poorly

impacted by temperature, despite the important reduction of capacity.
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Figure 4.14: Reference protocol at 24°C (AOI1_1) and 61°C (A03_1), both at 0.3 MPa during formation. Thick-
ness data based on extracted anode thickness (obtained after process described in Fig. 4.3) — Top graph) Raw
thickness change. Middle top graph) Charged capacity per cycle. Middle bottom graph) Swelling amplitude
thickness Delta. Bottom graph) Irreversibility thickness Delta. Dashed lines are the fitting exponential func-

tions of form y(c) = A+ Bc + Cexp (—%) (values in Table 4.5).
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An important point to note about these results is the way anode thickness has been extracted for the high
temperature case. The extraction process (see Fig. 4.3) was made on samples that were measured at 24°C
(results of Fig. 4.5a), giving the final rheological parameters in Table 4.3. This rheological parameters were
used to extract anode thickness for all cases, even for 61°C case. Nevertheless, these rheological parameters
may be different for 61°C. Consequently, an eventual bias due to the incomplete experimental set may have

altered the displayed results.

4.4.2.b Singular behaviour of potential for experiment at 61°C

However, these results should be analysed with precaution. Indeed, beyond the bad reproducibility presented
above, an electrochemical singularity has been detected in the potential of sample submitted to high temperature
(A03). More precisely, in normal functioning, the potential varies between both top and bottom limits of 2.5
and 4.2 V, without any variation at the transition between charge/discharge states. However, during experiment
AO03_1, the brief pause between charge/discharge states (lasting around ten seconds) was enough for the poten-
tial to instantaneously drop by around 0.3 V. It was initially thought that the sample presented a manufacturing
defect leading to a current leak. To ensure this, a secondary simple cycling at 24°C has been carried out on
sample A03 (experiment AO3_2). No potential drop was detected any more. To observe it, Fig. 4.15 draws the
potential curve of sample A03, for experimental indexes 1 (61°C, solid line) and 2 (24°C, dashed line). As we
can see, at 24°C, the potential perfectly varies between 2.5 and 4.2 V limits (horizontal solid lines). Neverthe-
less, at 61°C, the potential is globally diminished, more particularly at the transition between charge/discharge
states with the sudden drops, whose amplitude are not constant and randomly change over cycles. In addition,
during transition from charge to discharge, this drop systematically leads to a smoothed peak (4.15.®). At the

opposite, during the transition from discharge to charge, this drop only increases starting from the dropped
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Figure 4.15: Potential singular behaviour at high temperature: potentials of experiments A03_1 (61°C) and
A03_2 (24°C), fifth first cycles including formation. Top and bottom horizontal lines correspond to maximum
and minimum input cycling potentials (4.2 and 2.5 V).
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value (4.15.@). A hypothesis for these behaviours is the electrochemistry doped by temperature that enhances
the reactivity between particles. When the current is cut between charge/discharge change, the particles of Si/C
and Gr themselves maybe still continue to exchange lithium, leading to a new global potential equilibrium of
the cell. Anyhow, the secondary experiment A03_2 demonstrates that the singularity does not come from a
global manufacturing defect that made the sample absolutely defective, because it proved to work well after the

cycles at 61°C.

4.4.3 Influence of pressure during formation

In order to evaluate the behaviour during the first formation cycles, two additional samples (A05 and A06)
were tested under different applied pressure at 24°C. Of course, the pressure is already analysed through the
reference protocol itself, but now a particular attention is paid to the pressure during formation. Analysing
the behaviour during the formation cycles is interesting since the main irreversibility comes from that period.
Hence, it consists in changing the pressure during the first cycles (three formation cycles and six following
ones). The objective is to detect if this initial pressure has a permanent impact on the anode breathing. To do
so, samples A05 and AO6 was submitted to reference protocol with different initial pressures (respectively 1
and 3 MPa, instead of 0.3 MPa for the reference cycling). Unfortunately, a bug occurred for both experiments
during the cycling (stop of electrochemical test bench), even though the cycling could be relaunched after this.
Consequently, the comparison with experiment at 0.3 MPa (A01_1) is only possible for the first five cycles.

When looking at the Fig. 4.16 that displays experiments AO1_1, A0O5_1 and A06_1 during the five first
cycles, we can observe an impact similar to the pressure variation detailed previously: the pressure reduced the
raw thickness variation, as observed in the th graph. However, it can be noticed that the shapes of curves are
particularly identical and the main difference lies in their amplitudes. The fact remains that the capacities are
almost equal and evolve exactly the same, as the AQ graph (second from the top) demonstrates. Despite this,
the swelling amplitude Athg, is reversely impacted by pressure, from an initial value at 9.3 pm for 0.3 MPa
(4.16.®) to 6.4 um for 3 MPa (4.16.@). Looking at these first cycles, the swelling amplitudes converge but not
perfectly, with distinct asymptotic values depending on pressure, with 6.1 um for 0.3 MPa (4.16.®) to 4.9 um
for 3 MPa (4.16.®). The irreversibility Ath;, in the bottom graph varies exactly the same, with a reversed
impact of pressure that goes from 3.6 um at 0.3 MPa (4.16.®pvis) to 0.8 at 3 MPa (4.16.@bis). In any case,
whatever the pressure applied, the irreversibility knows a fast decrease during two first cycle, then the decrease
becomes particularly slow. The asymptotic values are not exactly equal to zero, and they seem to decrease
when pressure increases.

At the end of Section 4.4.1, we were talking about the necessity of supplementary cycles to eventually reach
a stable breathing (constant swelling amplitude and null irreversibility). In this optic, experiments A05_1 and
A06_1 have been the occasion to do so by enlarging the total number of cycles to 38. The focus on these two
experiments is displayed in Fig. 4.17. In the th graph, key information is the clear distinction between both
curves. In fact, both shapes seem quite identical but with an initial irreversibility that maintained their average
values distant. Looking at the irreversibility (Ath;, graph), we can see that the irreversibilities at first cycle are
equal to 2.2 um at 1 MPa (4.17.®) and 0.8 um at 3 MPa (4.17.®), which gives a difference of 1.4 um. Moreover,

this difference is approximately equal to the permanent difference between both curves that we see during the
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Figure 4.16: Reference protocol at 0.3 MPa (A01_1), 1 MPa (A05_1) and 3 MPa (A06_1), all at 24°C. Thick-
ness data based on extracted anode thickness (obtained after process described in Fig. 4.3) — Top graph) Raw
thickness change. Middle top graph) Charged capacity per cycle. Middle bottom graph) Swelling amplitude
thickness Delta. Bottom graph) Irreversibility thickness Delta. Dashed lines are the fitting exponential func-
tions of form y(c) = A+ Bc + Cexp (—%) (values in Table 4.5).
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Figure 4.17: Reference protocol at 1 MPa (A05_1) and 3 MPa (A06_1), all at 24°C. Thickness data based on
extracted anode thickness (obtained after process described in Fig. 4.3) — Top graph) Raw thickness change.
Middle top graph) Charged capacity per cycle. Middle bottom graph) Swelling amplitude thickness Delta.
Bottom graph) Irreversibility thickness Delta. Dashed lines are the fitting exponential functions of form y(c) =

A+ Bc+ Cexp <—1%> (values in Table 4.5).
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20-cycles phases at 0.3 MPa (4.17.®). This difference lets think that this first irreversibility has been stamped
to the material (plastic deformation) and even a change of pressure cannot compensate it. In shorter terms, the
high pressure applied during formation irreversibly seems to change the stable breathing at low pressure during
all the following cycles. This constant gap between both curves is also printed to swelling amplitude (Athgy
graph). In both case, it decreases at a constant rate of 0.02 um per cycle, maintaining a constant difference of
around 0.4 pm (4.17.®). Another point to observe is the final state: both curves are still in a “pseudo-stable”
breathing, with a constant decrease of swelling amplitude and a non-null irreversibility, even after almost 40
cycles. Consequently, its demonstrates how much difficult is it to reach a stable breathing state (constant
swelling amplitude and null irreversibility). However, by looking at the th graph, it is possible to observe
a form of stable breathing state for the 3 MPa case, during the cycling formation, where thickness variation
oscillates with a decreasing amplitude but around a constant value. Consequently, these results suggest how
much the pressure applied on the cell is a key parameter for the state of breathing stability. More importantly, it
reveals that the initial pressure applied during formation cycles can play a significant role in the future breathing

of a cell.

4.5 Global analysis

4.5.1 Results summary

The results developed above mainly focused on two experimental condition parameters: the pressure and the
temperature.

The protocol focused on a cycling at C/5, submitted to the reference pressure of 0.3 MPa with temporary
compressions at higher pressures (1 MPa and 3 MPa). It was initially thought that the temporary compressions
at high pressure modified the stable breathing, but the number of cycles measured here is too low to really
reach an eventual stable breathing. Thus, a temporary compression at high pressure obviously changes the
thickness through a clear reduction, but the long term impact on breathing history is much less certain. Even
concerning the swelling amplitudes and irreversibility, even if pressure variation to higher level has a temporary
impact on them, the permanent impact when pressure comes back to initial pressure is too low to be noticeable.
Concerning the capacity, it revealed to be independent of the pressure, considering the levels applied (from 0.3
to 3 MPa). However, the pressure applied during the first cycles seems to play an important role in long term,
by creating a permanent breathing behaviour. It suggests the idea that, in order to limit the global amount of
breathing, forming the cell under a high pressure will limit the highest thickness change and even the swelling
amplitude (but not the irreversibility that remains low but still present).

Concerning the temperature, a heated cell charged a larger range of capacity, but it simultaneously showed
a drastic decrease of this quantity over cycles. The swelling amplitude was also decreasing, then it makes
the interpretation difficult on the origin of this lowered breathing. Does the temperature create a capacity loss
that engenders a limitation of particles breathing, or does it directly impact the particles’ rearrangement that
leads to a lower swelling amplitude? Unfortunately, the current measurement is not sufficient to quantify both

phenomena. In addition, higher temperature seems to generate electrochemical defect, making the cell more
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inclined to lose its potential when unused by an external device. However, the limited number of samples makes

this conclusion unsure, an eventual defect from the samples themselves is also likely.

4.5.2 Manufacturing guidelines for the design of low breathing electrodes

According to the present results, the portrait of the “optimal cell use” follows two main lines, one in terms
of temperature and one in terms of pressure. Concerning the temperature, a probability of swelling amplitude
reduction exists thanks to high temperature (around 60°C), but the unclear correlation with capacity loss makes
the conclusion uncertain. Still, the objective was mainly to impact the internal microstructure through tem-
perature, not to test an eventual use condition. It is known that high temperature generates accelerated loss of
capacity, so it remains a solution to avoid. The pressure is much more interesting, even in terms of tempo-
rary action during manufacturing. First, during the life of a cell, the variation of pressure does not generate
a significant permanent alteration of breathing. Indeed, coming back to the standard pressure seems enough
to recover from this pressure change. Secondly, the level of pressure during the formation cycle determines
significantly the future breathing of the cell, in terms of global thickness increase, but also in terms of breathing
amplitude. Consequently, most attention should be paid on the pressure applied during the formation cycles,
with a preference for high pressure. However, the optimal pressure to apply still remains to be evaluated, even
if 3 MPa presented an interesting impact. In summary, the present results dictate the “optimal cell use” as a cell
formed under a pressure of 3 MPa (five first cycles) and used under a room temperature.

As a critic reflection, it is obvious that the proposed protocol is not optimal. For example, in Section 4.3.2.a,
in the extraction of intermediary components (cathode, separator and pouch bag), it would have been interesting
to reduce as best as possible this error propagation by removing, for example, the separators from samples
pair BO1/B0O2. In the same section, the Hyp. 4.B.iii (page 147) (non-influence of electrolyte on pouch bag
rheological behaviour) is maybe not absolutely certain. A measurement with electrolyte would have been also
useful. In addition, in the rheological analysis in Section 4.3.2.c, Hyp. 4.B.ii (page 147) (cathode rheological
properties independent of lithium concentration) is known to be not exactly right. A deeper consideration of this
aspect would be a plus in the development of the Novelisa model. Finally, the error addressed by Hyp. 4.B.iv
(page 147) (systematic error created by the DForm test bench) was maybe not enough considered during the
establishment of experimental protocols.

In order to limit the breathing, it is then recommended, during the formation cycles, to submit the cell to

the highest possible pressure (tested until 3 MPa).



Chapter 5

Model/Experiment comparison

5.1 Comparison methodology

In summarise, Chapters 3 and 4 respectively presented the results of DAM and experimental approaches sep-
arately. The objective here is to cross the results in order to detect possible convergences and divergences, to
evaluate the performances of the DAM. To do so, a simulation series has been made with a specific design
in order to match as best as possible the experimental parameters, by taking the experimental sample AQ1 as

reference. The DAM sample used in Chapter 3 consequently knew several modifications:

> Breathing law: for a matching with experimental results, the choice of electrochemical breathing law

instead of linear law is evident.

> Sample thickness: the experimental anode (collector excluded) had an initial thickness of 48 um after
relaxation (just before cycling). The DAM was set such that the relaxation led approximately to this
thickness (47.9+£0.3 pum).

> [rreversibility matching: taking into account the conclusions of Section 3.4, it was decided to focus on
the adhesion between particles to match experimental breathing irreversibility. Work of adhesion was

set such that modelled irreversibility at first cycle was equal to the one found experimentally.

> Inactive material: in experimental anode (collector excluded), the active material (Si/C/Gr) composes
95wt% of the total anode material, the remaining proportion being composed by conductor material
and binder. In order to simulate the presence of binder within DAM, inactive little particles (not
subjected to breathing) were added within the particles’ template. These binder particles were set
with a higher work of adhesion compared to Si/C/Gr particles, with the following values: 20 J/m? for
binder-Si/C/Gr contacts and 5 J/m? for Si/C/Gr-Si/C/Gr contacts. All other granular parameters were
the values of DAM reference sample (see Table 2.1).

In order to complete this comparison, the results of the 1D continuous anode model developed by Vidal
(2021) [40], set with the same parameters, are plot on Fig. 5.1. As a summary, Table 5.1 goes over all the

parameters settings shared by the three approaches.

175



176 CHAPTER 5. MODEL/EXPERIMENT COMPARISON

Parameter Value

Proportion of active material (Si/C/Gr)

in total anode mass 9wt
Thickness before cycling 48 um
Minimum anode voltage 001V
Maximum anode voltage 1V

Table 5.1: Model/Experimental comparison settings.

5.2 Discussions

5.2.1 Results analysis

In both DAM results Chapter 3 and experimental results Chapter 4, the first cycle presents a major significance
in the breathing, as in terms of swelling amplitude as in irreversibility. Fig. 5.1 displays four breathing of the
first cycle: two using DAM (with and without adhesion), one experimental (experiment AO1_1) and one using
the continuous anode model (CAM) from Vidal (2021) [40]. The first clear observation about the curves is the
difference between their shapes. The experimental thickness change presents a rounded and smoothed curves,
as opposite to DAM and continuous model that follow straight and angled paths.

Concerning DAM and CAM models, their shapes are quite similar, with the characteristic plateaus of
graphite in the middle of state of charge and the hysteresis generated by silicon breathing. At least, it draws
an interesting consistency of the laws implemented within models. The difference between DAM and CAM
approaches mainly appear in two details: swelling amplitude and presence of irreversibility. Firstly, the contin-
uous model presents a lower swelling amplitude, with a thickness change at the end of charge 7.5 ym (~15.6%,
5.1.®), compared to the DAM without adhesion (“Adh. OFF”) at 9.5+0.4 pym (~19.6%, 5.1.@). The difference
is even more important when the adhesion is activated (“Adh. ON”) in the DAM, the resulting curve reaching
12.3£0.4 um (~25.6%, 5.1.®) at the end of charge. This is coherent with the facts that DAM is able to generate
an additional void volume variation due to its discrete nature. This additional void volume affects the second
difference between DAM and continuous model, the presence or not of the irreversibility. Whereas the con-
tinuous model does not present any irreversibility at the end of discharge, the DAM ends with a 0.6+0.3 um
(~1.3%, 5.1.®) without adhesion and 3.4+0.2 um (~7.1%, 5.1.®) with adhesion. Generally speaking, DAM
consequently overestimates the breathing compared to continuous model. In both cases, however, the straight
and angled paths of their curves demonstrate how both approaches are sensitive to electrochemical laws, even
the DAM that was expected to generate a much smoother breathing due to particles rearrangement. An eventual
source of inaccuracy may be the electrochemical breathing laws (developed in Section 2.3.3). The latter are
may be too simple to be generalised to all particles, independently of their size or position within the electrode
layer.

In fact, both model approaches are complementary when compared to experimental results. The experimen-

tal curve presents a swelling amplitude of around 7.8 um (~16.3%, 5.1.®), almost equal to continuous model,
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Figure 5.1: Comparison of thickness change between DAM(Discrete Anode Model), experimental and CAM
(Continous Anode Model), first cycle. For DAM results, both cases with and without adhesion (respectively
“Adh. ON” and “Adh. OFF”) are displayed. In adhesive case (“Adh. ON”), work of adhesion at 20 J/m? for
Si/C/Gr-binder contacts and 5 J/m? for Si/C/Gr-Si/C/Gr contacts. For experimental results, data is extracted
from AOI_1I experiment (first formation cycle at 24°C, 0.3 MPa, extracted anode thickness). For continuous
anode model, data is computed through the 1D model by Vidal (2021) [40]. Percentage reference thickness:
thyer = 48 pm.

and an irreversibility of around 3.3 um (~6.9%, 5.1.®), almost equal to DAM with adhesion. This reveals a
drawback of the current DAM: to generate a sufficient irreversibility to match the experimental irreversibility
at first charge (in this case, through the value of adhesion, “Adh. ON”), it necessitates to overestimate the
swelling amplitude. On the opposite, to obtain a more accurate swelling amplitude (by removing adhesion

between particles, “Adh. OFF”), the irreversibility almost drops to zero.

Another mismatch of the DAM appears during the following cycles. To observe it, Fig. 5.2 show both thick-
ness change of DAM and experimental measurement during the four first cycles. In addition to the differences
that have been already described (different shapes and swelling amplitude), both breathing evolve differently
over cycles. In DAM, the first cycle seems to constitute a maximum and the following cycles breath at lower
amount with a progressive decrease of the maximum breathing thickness change (decreasing arrow). Further-
more, as already revealed in Chapter 3, the irreversibility is globally non-existent from the second cycle. On
the opposite, experimental curve present a gradual increase of maximum breathing point over cycle (increasing
arrow), correlated with an irreversibility accumulated cycle after cycle. The interesting detail is the fact that
hysteresis of DAM progressively tends to the one drawn by experimental results (cycles 4). Still, the results are

not complete enough to precisely conclude about an eventual stabilisation to a common state.
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Figure 5.2: Comparison of thickness change between DAM and experimental, four first cycles. For DAM
results, adhesion is activated (Si/C/Gr-Si/C/Gr: 5 J/m?, Si/C/Gr-binder: 20 J/m? ). For experimental results,
data is extracted from AOI_I experiment (first formation cycle at 24°C, 0.3 MPa, extracted anode thickness).
Percentage reference thickness: thy; = 48 um.

5.2.2 Hypothesis questionings

At the current stage of development, it is a fact that the DAM is perfectly capable of explaining part of the
breathing irreversibility, particularly pronounced at first cycle. However, this first irreversibility is clearly cor-
related with the swelling amplitude, and it seems difficult to offer both matching irreversibility and swelling
amplitude at the same time. Of course, it must be reminded that the current DAM approach was build on strong
hypothesis in order to get a tool used to understand more than match. Through the Set of Hypothesis 2.A
(page 74), it is obvious that this model does not take into account some phenomena that may play a significant
role in electrode breathing, such as active material cracks or lithium diffusion. Indeed, Hyp. 2.A.i (page 74)
(spherical particles) clearly limits the deformability of particles or their eventual fracture during breathing. In
addition, Hyp. 2.A.iv (page 74) (modelling active materials only) neglects maybe too much the action of binder
and conductive materials (even though, it has been roughly introduced in cross comparison, in Section 5.1).
Finally, Hyp. 2.A.v (page 74) (constant and reversible breathing of particles) was stated in order to avoid any
irreversibility generation due to particles and to capture only the particles bed irreversibility. But is that really
true? Of course, this is certainly not the case. As a basic example, even if they were simplified to obtain a
reversible breathing, the data provided by Beaulieu et al. (2003) [42] and plotted in Fig. 2.7 (silicon graph)
reveal a first irreversibility of around 50% at first cycle, which is not negligible at all. Hence, a real question
arises about the precise knowledge on how the particles breathe in reality, and in what extent they participate
in the progressive accumulation of breathing irreversibility. Furthermore, concerning the difference of shapes
between models and experiment, an explanation may come from Hyp. 2.B.iii (page 84) (all particles lithiate and
delithiate synchronously, without any delay due to position). In consequence of this hypothesis, all the volume
of a given material breathe at the exact same time with the exact same law. Thus, it is not surprising that the
global thickness of the DAM follows precisely the electrochemical law, which create the straight and angled

curves comparable to CAM results. In fact, all these hypotheses have been already complexified by the team of
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So et al. (2021-2022) [72], [73], [90]-[92]. Indeed, they already introduced clusters of sub-particles to model
active material particles, considered active material and supplementary additives (even if it is a solid electrolyte,
the methodology remains equivalent) and implemented an effect of lithium diffusion that creates breathing vari-
ation delay and irreversibility. Their simulations demonstrate the importance of considering the complexity of
breathing at particles scale, more precisely heterogenous and desynchronised breathing of particles.

In this scope, the next section aims to present some opening perspectives on the DAM, more generally about

the discrete modelling of electrode breathing.

5.3 DAM perspectives

Among all the questioned hypothesis, three main threads are susceptible to improve modelling accuracy:

> Breathing heterogeneity
> More complex microstructure geometry

> Progressive contact wear

Breathing heterogeneity and more complex microstructure geometry were roughly approached in order to

evaluate their eventual accuracy.

5.3.1 Breathing heterogeneity

This section is an improvement proposal in response to electrochemical hypothesis that have been stated in
Set of Hypothesis 2.B (page 84), more precisely Hyps. 2.B.i (page 84) to 2.B.iii (page 84) (homogeneous
active material, potential equilibrium within electrode and homogeneous lithiation within electrode layer). By
“breathing heterogeneity”, we refer to desynchronisation of particles breathing due to many phenomena, such as
lithium diffusion across electrode thickness (especially at high C-rate), self-containment breathing of particles
in their own porosity, internal defects depending on particles, etc. So et al. (2022b) [73] revealed the presence of
incomplete lithiation or delithiation within the active material particles themselves, due to limitation of lithium
diffusion (see Fig. 1.14c¢), so the consideration of this phenomenon is an interesting axis to explore.

As a quick way to consider breathing heterogeneity, a simple modification of electrochemical breathing
laws was applied to the DAM simulation displayed in Fig. 5.1 (“Adh. ON” case). It consisted in randomly
lowering the breathing law for each particle. Considering a material A (CSi or Gr), the new breathing law is

expressed as:
Aseducea(t) = (A(t) = drea Y+ 1 € [1,d)mas] (5.1)

Where d,cq is a reduction factor defined as:
Ared = rand(l, d/l,red,max) (5.2)

Where rand is the uniform random function and dcs; redmax = 1.2 and dgrredmax = 1.015. As an illustra-
tion, Fig. 5.3 displays the original breathing laws (dashed lines) and two examples of reduced breathing laws

(dashed lines). The bottom solid lines represent the minimum breathing laws implemented in the simulation.
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Figure 5.3: Random reduction of breathing laws to simulate heterogeneous breathing of particles — Dashed
line: original breathing law. Solid lines: examples of reduced laws with two different reduction factors. Bottom
solid lines represent the minimum breathing law implemented.

Of course, this reduction is a rough approximation because it does not create real electrochemical delay of
lithiation. At least, this is an easy way to add some random limited and asynchronous breathing at beginning

and end of cycle.

The resulting curve is displayed in Fig. 5.4a. On the left graph, the heterogeneous breathing is deactivated
and corresponds to the results of Fig. 5.1. On the right side, the heterogeneous breathing is activated for DAM
curve. The first observation is the lower swelling amplitude, reduced at an equivalent value of experimental re-
sult (8.0+£0.3 um, 5.4a.®). The second main observation compared to case without lithium diffusion/loss is the
presence of smoothed breathing at the beginning and end of cycle (5.4a.@), which is in better agreement with
experimental measurement in terms of curve shape. However, the DAM result is only changed at the beginning
and the end of cycle (area A in Fig. 5.4a), whereas it is similar to the case without heterogeneous diffusion in
the middle (area B in Fig. 5.4a). This is coherent with the implemented randomly reduced law: out of grey area
(state of charge between 0.4 and 1), all the particles breathe the same way, but in the grey area (state of charge
between 0 and 0.4), some particles randomly chosen do not breathe. Consequently, the electrode breathing is
more spread over time. The interesting observation is that even if the swelling amplitude is notably reduced, the
irreversibility is quite conserved, even if, as a recall, no irreversibility has been implemented in breathing laws.
Indeed, it presents an amount of 2.3+0.3 um (5.4a.®), which corresponds to 28.8% of the swelling amplitude.
Compared to the case without adhesion (“Adh. OFF”, left graph in Fig. 5.4a), this is a clear improvement:
the swelling amplitude better matches and the irreversibility is more pronounced. We then have kept the ir-
reversibility generated by adhesive granular behaviour and reduced the swelling amplitude to a more realistic
value. However, concerning the next cycles, the DAM still meets a regular inconsistency: the gradual decrease
of maximum thickness. As displayed in Fig. 5.4b, The maximum point of each cycle decrease over cycles
(dark arrow), whereas the reversed is observed experimentally. It still suggests a progressive reorganisation of

particles that optimises their positions in initial void volume.
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Figure 5.4: Comparison of thickness change between DAM (with and without heterogeneous breathing) and
experimental results. When adhesion is activated for DAM (“Adh. ON”), work of adhesion at 20 J/m? for
Si/C/Gr-binder contacts and 5 J/m? for Si/C/Gr-Si/C/Gr contacts — a) Comparison without (left) and with
(right) lithium diffusion/loss, first cycle. Left graph results correspond to Fig. 5.1. b) Comparison of lithium
diffusion/loss activation (four cycles) with experimental (first cycle). Gray area corresponds to the state of
charge range where heterogeneous breathing occurs most. Percentage reference thickness: th,,; = 48 pum.

Finally, this simple simulation trick demonstrates the potential of considering heterogeneous breathing of
particles. In the preceding sections of this manuscript, this aspect has been addressed only through the dif-
ferentiation of both Si/C and Gr materials (because each one has its own breathing law), but not through the
differentiation of particles themselves. Yet, the consideration of breathing heterogeneity within the electrode
layer and within the particles will be of major interest in future researches on electrode breathing. It will cer-
tainly be another important key in simulating the granular breathing behaviour, in a complementary way with

particles contact properties.
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5.3.2 Complex particles shapes

This section is an improvement proposal to the major DEM hypothesis that have been stated in Set of Hypoth-
esis 2.A (page 74), more precisely Hyp. 2.A.i (page 74) (spherical particles). Several methods exist to obtain
complex shaped-particles, such a polygonal particle or cluster of sub-particles. However, So et al. (2022b) [73]
demonstrated the relevancy of using clusters of sub-particles, in order to compute lithium diffusion internal to

active material particles.

A first approach to generate a complex shapes anode was carried out. The procedure is described in Fig. 5.5.
Starting from and anode cross-section (5.5.1), particles are manually shaped to generate different shapes (five
for each material, 5.5.2). The manual shaping follows a two-step process. Firstly, starting from the 2D picture
and a 3D sphere, the sphere is manually deformed to fit the projection of the particle. Secondly, the deformed
sphere is extrapolated in the third dimension to obtain a credible shape of particle. The generated 3D mesh
shapes (5.5.3) are then filled with particles (using a clump command available in the “LIGGGHTS-PFM”
version [216]) to generate different templates of clusters (5.5.4). The cluster templates are then directly used
in LIGGGHTS as generic particles to give the final microstructure (5.5.5). On the last image, the colours

distinguish the different clusters of sub-particles.

By submitting this structure to a similar cycling, as displayed in Fig. 5.6a, the curve is clearly reduced,
showing a swelling amplitude of 5.7 um (5.6a.®), as for the irreversibility, lowered to only 1.0 um (5.6a.92).
Moreover, the successive cycles displayed in Fig. 5.6b still reveal a progressive reduction of thickness over
cycles (dark arrow), as opposite to experimental results. In fact, the reason for the reduction of breathing ampli-
tude comes from the cluster technique used for the simulation. The “multisphere” method used in LIGGGHTS
considers each cluster of particles as a rigid solid. It means that the contact between sub-particles belonging to
a given cluster is not computed. Instead, the relative coordinates between sub-particles defined by the cluster
template (image 4 in Fig. 5.5) are kept constant. By consequence, because of the constant distance between
each neighbour particles, any volume change of sub-particles is partially absorbed by the neighbour particles
in contact, as schemed in Fig. 5.7. For this reason, part of the implemented breathing is lost and not transmitted

to the electrode, resulting in a lower macroscopic breathing.

Despite this breathing reduction, this first trial of clusters instead of spherical particles does not generate a
significant change in breathing. As an illustration, Fig. 5.6c displays the first cycle of both approaches, with the
cluster approach multiplied to match the highest point of sphere approach. In terms of curves shapes, the major
difference between both (coloured area) occurs at the end of the cycle, where the cluster approach even looses
its ability to generate significant irreversibility. However, the difference between both curves remain quite
limited, suggesting that a more complex implementation of clusters is necessary to improve substantially the
ability of the DAM to get closer to the experimental measurements. To do so, two solutions may be interesting.
As one solution, still using the “multisphere” method (clusters as rigid bodies), the breathing of a multisphere
must be homothetic by adapting the distance between breathing particles. As another solution, mostly used in

literature (see Section 1.1.2.b), the clusters of sub-particles must be built based on a breakable bond model .
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1. Initial cross section 2. Particles 3D shaping

4. Filling volume with sub-particles 3. 3D mesh particles extraction

5. Generating microstructure Equivalent microstructure
based on multisphere templates with colored clusters

Figure 5.5: Multisphere DAM building steps. Starting from a cross-section image (1), particles are manually
modelled in 3D (2) and the resulting 3D mesh particles (3) are filled with sub-particles (4). The final templates
(five different per Si/C and Gr) are used to generate the final discrete sample (5), 50 x 50 x 50 um. The final
image is the equivalent microstructure with colours adapted to distinguish individual clusters of sub-particles.

White shaded particles correspond to inactive material. Cross-section (first image) extracted from Profatilova
etal (2020) [217], Figure 10 “.

¢ © Applied Energy Materials. Reproduced under charge-free nature of reuse. American Chemical Society, all rights reserved.
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Figure 5.6: Comparison of thickness change between DAM (spherical particles and clusters approaches) and
experimental results. When adhesion is activated for DAM (“Adh. ON”), work of adhesion at 20 J/m? for
Si/C/Gr-binder contacts and 5 J/m? for Si/C/Gr-Si/C/Gr contacts. For clusters approach, no statistical process
was carried out — a) Comparison with spherical particles (left) and clusters (right), first cycle. Left graph
results correspond to Fig. 5.1. b) Comparison of clusters approach (four cycles) with experimental (first cycle).
¢) Comparison of spherical particles and clusters approaches. Original multi-spheres approach (little dashed
line) is multiplied by a factor 2.17 to match maximum point of single-spheres (top coloured dot). Both are
from the same simulation and only proportional to within one factor 2.17. The coloured area correspond to
the difference between single-spheres and multiplied multi-spheres curves. Percentage reference thickness:

thyer = 48 pum.
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5.3.3 Discussion about best future axis

The previous sections explored two ways to obtain a better DEM model of electrode breathing: the consid-
eration of heterogeneous breathing and the cluster approach. On one hand, the heterogeneous breathing, im-
plemented with a simple random reduction of breathing law, is able to reduce the swelling amplitude while
conserving a reasonable amount of irreversibility. The shape of the resulting curve is also smoother and more
consistent with experimental curve. On the other hand, compared to the model heterogeneous breathing, the
cluster approach does not prove to be more efficient to model the electrode breathing. Of course, the current
technique is limited by the fact that rigid clusters of particles absorb part of the breathing and cannot break.
However, the complexity brought by the clusters of particles does not generate a more complex breathing that
could explain the DAM divergence with experimental results. Moreover, the cluster approach computational
cost is particularly high, so this technique necessitates meticulous optimisation to avoid unnecessary compu-
tation consumption. Facing these exploring tests, a future encouraging axis for electrode breathing modelling
is the study of particles breathing itself. Still simulated through a granular perspective, it will mainly consist
in implementing the space and time non-synchronicity of materials breathing within the electrode. Finally, the
third technique to improve DAM accuracy is introduced in the conclusion of Chapter 3 (see Section 3.4.1): the
contact wear. As the DAM is not able to generate progressive evolution of breathing along cycles, an eventual
solution would be to add of wear condition within contact laws. This option has not been studied during this

thesis and remains opened to future explorations.






Conclusions

As final words, this thesis aimed to consider the breathing behaviour of a lithium-ion battery electrode through
a granular perspective of the anode media. This work has been motivated by the fact that to gain capacity,
silicon is integrated in anode electrode. Silicon has a very high capacity to store lithium, but it exhibits a
very high volume increase when lithiated. The main question was about the contribution of the granular
microstructure of the electrode to the appearance of two main breathing characteristics: the swelling amplitude
(thickness increase during charge) and the irreversibility (difference of thickness between end and beginning
of a cycle). The main approach proposed in this manuscript was the use of DEM (Discrete Element Method) to
build an electrode model composed of particles that mechanically interact. The global scope was to understand
how the breathing of particles (microscopic scale) is transferred to the electrode scale (macroscopic scale),

when the battery charges and discharges (respectively lithiate and delithiate for the anode, i.e. swell and shrink).

The main objective of the modelling was not to match perfectly the experimental measurements, but to
understand in the material and contact properties of particles, what was most susceptible to influence the
breathing at electrode scale (Chapter 3). A first analysis stated a case of reference, using simple Hertzian
contact between particles, demonstrating that such a contact law was not enough to generate breathing
irreversibility (Section 3.2). The second analysis addressed the silicon fraction within the particles bed ,
i.e. the proportion of particles with a high breathing amplitude (Section 3.3.1). The swelling amplitude revealed
to be particularly linearly correlated to silicon fraction. However, an analysis of volume variation partitions
suggested that, at high silicon fraction, the void volume variation was relatively of lower amount compared
to low silicon fraction (but it still remained high in absolute perspective). Afterwards, the friction between
particles and their ability to rotate were explored, more particularly their extreme cases, from free rotation
with no friction to no rotation with high friction (Section 3.3.2). The results demonstrated no significant
influence of these parameters, except for the extreme case without rotation and high friction. In that case, the
shrinking of particles led to the generation of distributed “pillars™ that held all the force applied on particles
bed. As a consequence, most of the contacts between particles disappeared, leading to a singular contactless
particles bed. In addition, the pressure and the particles’ rigidity were studied Section 3.3.3. Both quantities
revealed to be highly related, as complementary quantities of a more global one: the particles bed stiffness
level. In other words, increase pressure on the electrode is equivalent to decrease particles rigidity, and vice
versa. The only influence of particles bed rigidity on breathing was captured for pressure and particles rigidity
out of practical values (more than 10 MPa for pressure and less than 5 GPa for particles rigidity). Hence,

according to the model, the particles bed rigidity reveals to be of limited interest to influence the electrode
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breathing. As an important detail, these conclusions about particles bed stiffness level have been stated for
a particles bed without cohesion. The next analysed contact parameter was the adhesion between particles,
considered as reversible stickiness between particles (stickiness can be reformed even after a loss of contact).
This contact attraction conferred clear ability to the granular media to produce irreversibility during the first
cycle of breathing, by increasing the swelling amplitude. The irreversibility was also increased until 40% of
the swelling amplitude. This significant result at first cycle is a first proof of the granular media ability to
generate irreversibility at electrode scale. Finally, the stickiness between particles was also analysed through
breakable bonds, considered as irreversible stickiness between particles (a lost sticky contact through a bond
is definitively lost). Here again, the attraction was able to generate drastic irreversibility at first cycle, until
70% of the swelling amplitude. However, this time, the breakable bonds required a minimum robustness in
order to generate a noticeable influence on breathing (as opposite to adhesion that influenced even at lowest
values). A final analysis of particles irreversibility was carried out in order to evaluate how a microscopic
irreversibility is transferred to macroscopic scale, a transfer that revealed to be quite linear (Section 3.3.6). As a
result, all these analyses let think the stickiness between particles present a major role in the breathing transfer
from particles to electrode scale. Nevertheless, these conclusions are mainly limited to the breathing first
cycle, the other cycles from the second being systematically stable. More detailed conclusions are developed

in Section 3.4.

Complementary to the modelling work, an experimental approach was carried out (Chapter 4). It mainly
focused on analysis of pressure variation during cycling, pressure during formation and temperature in-
fluence on breathing. A particular attention has been paid on the extraction of anode thickness variation from
the results, the mechanical device being only capable to measure the full cell thickness (anode + cathode +
separator + pouch bag). Globally speaking, no state of “stable breathing” (constant swelling amplitude and
irreversibility) has been met, suggesting long asymptotic behaviour before stabilisation (thickness continuously
grows cycle after cycle). This observation is stated for the maximum of cycles made, i.e. 38 cycles. More
precisely, at room temperature (24°C), the results showed to be well reproducible. The variation of pressure
during cycling (0.3, 1, 0.3, 3, 0.3 MPa) led to intuitive variation of breathing (the higher the pressure, the less
breathing). The variation of pressure also presented a limited history effect on anode breathing, by generating
a feeble persistent influence either on cell capacity or on swelling amplitude. In addition, each level of pressure
seems to lead to a given average thickness, but the limited number of cycles measured makes the eventual sta-
bilised cycling thickness due to intermediary compressions (1 and 3 MPa) hard to evaluate. At high temperature
(61°C), the results presented much less reproducibility, with a high difference of charge/discharge speed, de-
spite the galvanostatic cycling. At 61°C, the cell presented a higher initial capacity than at 24°C (around 3.5%).
However, this capacity decreased much faster cycle after cycle than at 24°C (-0.19 mAh/cycle at 61°C against
0.03 mAh/cycle at 24°C). As a result, high temperature led to faster decrease of swelling amplitude, but simul-
taneously to a lower capacity. As the final tested parameter, the pressure during formation was found to be an
interesting key in breathing control. Indeed, the highest pressure during formation (3 MPa during the nine first
cycles) did not impact the cell capacity. Most importantly, this higher initial pressure generated a lower initial

irreversibility that permanently reduced the thickness change during all the cycling (3 MPa compared to 1 MPa:
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around 2.2 um less, almost the third of the swelling amplitude order of magnitude). Finally, the higher initial
pressure systematically reduced the swelling amplitude of around 0.5 um (1% of initial thickness). Facing these
experimental observations, electrode breathing reduction seems most likely to be controlled through pressure.
As a first solution, applying a high pressure (3 MPa) during cycling can significantly reduce the breathing,
but this remains an in-operando constraint. More interesting for a manufacturing perspective, applying a high
pressure during the formation cycles (from five to ten first cycles) can permanently reduce the breathing. This
conclusion values in terms of global thickness change from initial state as in terms of breathing amplitude at
each cycle, and this even if the applied pressure during functioning comes back to a lower pressure (0.3 MPa).
Still, these macroscopic observations do not enable a precise evaluation of particles reorganisation contribution
to electrode breathing.

A cross-comparison of DEM model and experimental curve was made. It mostly demonstrated that DEM
model shared an important discrepancy with continuous model: both approaches generated an electrode breath-
ing highly sensitive to electrochemistry, via the presence of very fast change of thickness variation rate. In
measured cell, the breathing is nevertheless more smoothed over time. Two axes were briefly explored with
the DEM model to reduce the discrepancy: the breathing heterogeneity and the use of more complex particles
shapes (using clusters of sub-particles). The use of complex shapes did not introduce an improvement in re-
producing the breathing behaviour. This technique even created an effect of volume absorption because real
volume breathing has not been rigorously implemented, resulting in an underestimated electrode breathing.
This solution also revealed to be computationally costly. The introduction of heterogeneous breathing of parti-
cles generated interesting smoother electrode breathing. It also created a better proportion of irreversibility and
swelling amplitude, resulting in a better match with experiment. An eventual third axis consists in implement-
ing wear effect in contact laws between particles, in order to capture a progressive evolution of breathing along
cycles. This last axis has not been explored in this thesis.

Considering these observations, the study of heterogeneous breathing of particles but also the implementa-
tion of wear effect in contact laws will certainly be preferable to the introduction of higher granular complexity.
Concerning the experimental approach, the development of local microscopic measurement of particles breath-

ing will be helpful to better evaluate the mechanical and electrochemical contributions in electrode breathing.






Nomenclature

Table 5.2: Accronymes

Acronym Definition
AM Active Material Material of electrode participating to lithium storage.
CAM Continuous Anode Model ~ Continuous model of anode used in this thesis.
Mix of binder and electrical conductivity additives (other than
CBD Carbon-Binder Domain ) ) o
active material) within electrode.
Discrete model of anode based on DEM, developed and used in
DAM Discrete Anode Model ) )
this thesis (see Chapter 2).
— Discrete/Distinct Element Computation technique for dynamical interaction between solid
Method particles that move into space (see Section 1.2).
Derjaguin, Muller and ) )
DMT Authors of the DMT adhesion theory (see Section 1.2.3.b).
Toporov
HM Hertz-Mindlin Authors of theories used in DEM “HM” law (see Section 1.2.1.b)
Johnson, Kendall and . )
JKR Authors of the JKR adhesion theory (see Section 1.2.3.b).
Roberts
Intergovernmental body of the United Nations advancing
Intergovernmental Panel o )
IPCC . scientific knowledge about climate change caused by human
on Climate Change o
activities.
Authors of the bonded particles model for DEM
PC Potyondy & Cundall )
(see Section 1.2.3.¢)
Proportional Integral )
PID Control loop mechanism for automated system.

Derivative
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NOMENCLATURE

Table 3: Subscripts (Continued)

Table 1: Text reduced terms
Notation Definition
C Carbon black
Gr Graphite
Li Lithium
Si Silicon
Si/C Silicon/Carbon black

Table 2: Superscripts

Notation  Definition
0 Value at time 0
h Time step index
n Cycle index
v Volumetric

Table 3: Subscripts

Notation Definition
0 Value at time 0
an Anode
ap Apparent
b Bond property
bag Pouch bag
cal Calendering
cat Cathode
ch Charge
CSi Si/C
cyc Cycle
cont Contact(s)
d Delithiation
disch Discharge

Continued on next column

e
equ

form

max

min

part
red

ref

sep
sh
stat

SW

vp

(%]

Elastic

Equilibrium
Formation

Particles pair indices
Irreversibility

Sum index
Lithiation
Maximum value
Minimum value
Normal

Plastic

Particle(s)

Reduced

Reference

Body over solid (for 3)
Separator

Shrinking

Statistics

Swelling

Tangential

Body over void (for I)
Visco-plastic

Void over solid (for 3)



NOMENCLATURE
Table 5.3: Mathematics
Notation Operation Unit
Ay Variation / Difference [y]
Y Time derivative (first order) [yl /s
y’ Secondary expression [y]
]7 Vector [yl
]| Norm of vector i [yl
) Positive part (0 if y < 0, else y) [yl
y* Pair equivalent [y]
]7 Analysis dimensionless number 1
y Breakable bond parameter [y]
v Mean value [yl
ﬁ(y Absolute standard deviation [y]
Urel (Y) Relative standard deviation 1
7 Cumulative value [y]
3(y) Transitional function 1
C/N Charge/Discharge C-rate, N € IN 1
Table 5.4: Latin variables
Notation Definition Eventual
formula
a Spherical contact radius, m -
c Time expressed in cycles, cycle -
C Specific weight capacity, Ah/kg -
CN Coordination number, — -
d Relative diameter, — = 2
Dy
D Diameter, m -
e Coefficient of restitution, — —
E Young’s modulus, Pa -

Continued on next page
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Table 5.4: Latin variables (Continued)

NOMENCLATURE

T O o9

=~

I/]
Ja

MAE

MCN

Equivalent volumetric Young’s = AXSi Ecsi+
modulus, Pa (1- AgSi) Eg:
Force, N -

Swelling coefficient, — _
Shear modulus, Pa -

Fitting parameter, Pa

Inertial number, —

Particles pair centres, — -
Moment of inertia, kg/m? -
Second moment of area, m* —
Stiffness, N/m —
Stiffness per area, N/m? -
Length, m —
Mass, kg -
Torque, kg.m?/s? -

Mean absolute error, [y] =

Nparl
2 CN;
=1

Mean coordination number, —

N, part

Normal unit vector, — _
Positive integer, — -
Spatial origin, — _
Pressure, Pa -

Absolute capacity, Ah -

. . S O)irr
Ratio of irreversibility, — = —
O)max — U1
Radius, m _

Surface, m? _

Time, s —

Continued on next page
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Table 5.4: Latin variables (Continued)

th Thickness, m -
T Temperature, °C =
u Electrical potential, V -
. 1%
v Relative volume, — = —
Vo
14 Volume, m? -
G Maximum bond stress, Pa -
W Work of adhesion, J/m? = NE
X Stoichiometry, — -
Number between 0 and 1, — -
Y Bond size ratio, — -
Table 5.5: Greek variables
) .. Eventual
Notation Definition
formula
o Material Si, C, Si/C or Gr, — € {Si, C, CSi, Gr}
. . m
A Mass fraction (over Si/C/Gr), — =
msi + mc + Mg
AV Volume fraction (over Si/C/Gr) v
olume fraction (over Si r), — =
Vsi + Ve + Ve
B Material Si or C, — € {Si, C}
. . m
B Mass fraction (over Si/C), — = —
msi + mc
Y Material Si or Gr, — € {Si, Gr}
) Particles overlap, m —
AQ Cell provided capacity, Ah -
At Time step, s -
AV Critical time step, s -
Athi, Irreversibility thickness Delta, m -
Athgy Swelling amplitude thickness Delta, m -

Continued on next page
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Table 5.5: Greek variables (Continued)

NE Interfacial surface energy, J/m? ~ 2F
V .
€ Porosity, — = —void
Velectrode
AV 1p Ath
€ Strain, — =—=—
rain, 7 o
4 Inter-atomic spacing, m -
n Damping factor, N.s/m -
F .
7 Cohesion number, — = Steky
4R2pP
= JKR cohesi b StV
cohesion number, — = ——
MKR 16RP
JTO;
ﬁPC PC cohesion number, — = ﬁ;ax
0 Particle angle, rad -
o) Adhesion limit number, — -
Ep  \?
X Stiffness number, — = (—V
P(1—12)
A Material Si/C or Gr, — € {CSi, Gr}
J7; Friction coefficient, — =
Ud Dynamic friction coefficient, — -
Us Static friction coefficient, — —
v Poisson’s ratio, — -
& Surface energy, J/m? -
P Density, kg/m? -
o Tensile stress, Pa =
oy Yield tensile stress, Pa -
S Smoothing factor, — -
T Shear stress, Pa -
X Particle position, m =

Angular velocity, rad/s -
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Table 5.6: Breathing coefficient 3 '

Notation Formula
AV}
I — D7y R
AVsolid
AV; 3
3, o body s

B AVvoid B 35 — 1

- _ AVoolia 1
o AVvoid 35 — 1
Athg, _
s, sw = Msw s (1 T Uypel (gs,sw)>
part,0
Dow M _
s 5w = ﬁ /1 1+ U (gs,irr)>
Tirr Vpart,O

T Pronounced [u] (Sanskrit vowel). This specific
variable can be also nicknamed “udan” (3%7) that

means “breathe” / “to breathe out” in Sanskrit.

Table 5.7: Reduced surface ™) '

Notation Formula
S
o = <S
AgSi(UCSi -1+ (11— AgSi)<vGr -1
™ _ S
™ AXSi(UCSi,max - 1) + (1 - A‘C/si)(UGr,max - 1)

mSW

"birr =

Virr

 Pronounced “sampi” (archaic Greek letter).
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Table 5.8: Exotic / Archaic

NOMENCLATURE

Notation

Definition

a

R, R N W o N

By

~)

] e M B s R & .~

= &

Fitting parameter, —

Translational acceleration, m/s>

First fitting parameter of exponential fit, [y]
Second fitting parameter of exponential fit, [y]/cycle
Third fitting parameter of exponential fit, [y]
Particles contact point, —

Infinitesimal displacement, m

Distance between particles centres, m
Computation time for one step, s
Simulation index, —

Statistical index, —

Current per mass unit, A/kg —

Molar mass, kg/mol

Amount of substance, mol

Damping factor, Pa.s

Fitting parameter, —

Period, s

Translational velocity, m/s

Angular acceleration, rad/s?

Coefficient of determination, —

Spatial reference benchmark, —

Dimensionless damping factor, —

b Characteristic time, cycle
Table 5.9: Constants
Notation Definition Value
e Elementary charge 1.602 176 634 x10°"° C
A Avogadro constant 6.022 14076 x10%* mol!
jc Molar mass of carbon 12.106 g/mol
1Jg; Molar mass of silicon 28.085 g/mol
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Fictional epilogue

The last notes, round, warm and peaceful, finished lulling the cottage. Lizilius sustained the vibrating strings
of her banjar, with the tips of her fingers, waiting for a deep calm to settle. In front of her, both sisters and
brothers Silyo and Greta were captivated by the music coming to its end. Lizilius drew a long breath, before
finally opening her eyes. The faces of her guests made her discreetly laugh.

— Wakey, wakey, are you both with me? she gently asked.

Silyo and Greta successively blinked, coming back from their reveries.

— Yeah. .. Yeah, we’re here.

While the guests were stretching out their arms, Lizilius placed her banjar next to her.

— Here is all what it is... All what I know about the “batteries”, she concluding, mimicking the inverted
commas.

— And you did not search further? To know more about these questions? sincerely asked Silyo and Greta.

— No. Of course, not.

— Why “of course”?

Lizilius briefly thought, even if she already had the answer in mind.

— From a perspective, I was not convinced by an important “why” that was supposed to justify why I was
searching these answers.

The faces of Silyo and Greta clearly demonstrates their circumspection. Lizilius remarked it and explained.

— I am sure you understand that any act of scientific research is an act of knowledge ambition. Through
many centuries of continuous change, science has been a precious source of truth definition. At the time,
science constantly tries to remove human emotional bias from the exploring methodology. In fact, its main
objective is to answer a one and unique question. .. “How”? How does everything work? We can sometimes
make the confusion and ask ourselves “why” such a phenomenon appears like it does, but we still have to think
in terms of causality, not in terms of purpose, as a synonym of “how”, to remain in a scientific mind. If we
think “why” in terms of spiritual purpose, searching for the reasons of why everything happens, this is more
a question of religion, not science. However, there is one version of the “why” that, in my mind, is crucial
to make legitimate science: why is that so important to understand even more, every day? In fact, the answer
to this question presents a so diversified colours palette that it seems impossible to summarise it to a single
sentence.

Silyo and Greta listened attentively, but seemed not convinced. Lizilius kept going, taking a step back in
her explanation.

— Would you like an example?
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— Yes, yes, of course.

— So...

She gathered her souvenirs and enunciated them.

— His name was Fritz Haber, living during the beginning of 19™ century of the Ancient Calendar. In my
mind, he is a perfect example of science dilemma. His work in synthesis process of ammonia from nitrogen and
hydrogen led to the development of a large-scale synthesis of fertilisers, allowing the production of food for
millions of people. He received the Nobel Prize of Chemistry in 1918, one of the most prestigious reward at the
time, for the invention of this process. However, in the same time, he was deeply involved in the development
of chemical weaponry, proposing during World War I the use of chlorine during trench warfare. He even
supervised its initial deployment on the Western Front at Ypres, in Belgium, in 1915. My idea here is not to
reveal a wonderful or dark side of science, but to underline the importance of morality in a field that claims to
be as far as possible from emotional consideration. As far it is made without moral questionings, science can
lead humankind as in the most beautiful and peaceful landscape as in the worst ugly and painful situation.

Lizilius took the time to take a sip from her cup.

— In other words, a science cannot be legitimate without morality, without reflection on the “why” it is
carried out.

She let the cup on the bedside table.

— Obviously, the questioning of morality goes hand-in-hand with the principle of “right or wrong”. More
precisely, this principle of “right or wrong” is not the one related to objective scientific rigour, but the one
related to our empathy. It is the principle related to our ability to state, considering the present knowledge we
have at disposal, if the question we want to answer is worth to be answered. It is the principle related to our
capacity in determining if the question we want to clarify will be both beneficial to humankind and consistent
with our personal values. This is not a “why” of general purpose of the world, of all these phenomena that
occur around us, but the “why” of our own actions. For this reason, a legitimate science is a science that both
objectively questions the current knowledge and morally questions the axes it explores.

Silyo and Greta appeared more clear-sighted, each one with a stick of licorice between their teeth. Lizilius
looked a little more withdrawn, as if she was questioning herself.

— In a way, I wanted to answer these questions about batteries in order to help in solving the big question
about climate change. Yet, the more time went by, the more I was asking myself if I was even asking the right
questions. I did not even know if I was participating in a blind technosolutionism, maybe more at the service of
an economy more than an altruistic purpose. In fact, I was quite convinced that the development of individual
electrical vehicles was not a revolution, but a continuation. A continuation of a system in constant research
of “more”, of sensational innovation and endless consumption. A continuation of a system that, maybe, did
not spend enough time in defining its real fundamental needs, in asking itself “why” it develops all these
technologies.

For a few seconds, a spark of nostalgia fizzled in her eyes.

— I admit, these are beautiful words, and I don’t even know if they will help you to answer your own
questions. And of course, we should not make the confusion between technology and science. Technology

can be a science, or a set of techniques, but science is not necessarily technology. Anyway, these researches
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made me realise how much I loved science. Looking at all what it had taught me and everything else it still can
teach me, looking at its priceless instants of humour, looking at my writing of tremendous texts with plenty of
references of my peers. Also looking at science applicability in art, looking at the bright side of its History, I
am definitively convinced in the deep benefit scientific method can offer to humankind. By confronting me to
the complexity of technological development, these researches also made me realise the importance of asking
ourselves, each one of us, about what we fundamentally need. And...

She took back her cup, smiling.

— As a fruit of our collective mind, science should not be exempted from this question.

She finally drank all her cup and exhaled deeply. In front of her, Silyo and Greta took the time to think the
words of Lizilius, while chewing they stick of licorice.

— And what about our question? The initial one? they asked again, intrigued.

Lizilius briefly laughed, without offense, then she winked at them.

— If one day you find out, let me know. I would be glad to know the answer.






Things we love give us reasons to move forward.
Things we hate give us reasons to learn.
As for my experience, science always succeeded

in fulfilling both conditions at the same time.
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