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Abstract

Climate change is a worldwide problem and has made clean energy a global priority. As the
shift to clean energy progresses, the demands for improved energy storage continue to grow.
The current energy storage solution of choice is the Li-ion battery; however, to meet the energy
storage demands of the future, the All-Solid-State-Battery is the most promising next generation
technology. The ASSB contains a solid electrolyte which enables the use of lithium metal
anodes to achieve greater performance. Unfortunately, this has generated several as of yet
unsolved and poorly understood issues all stemming from fracture in the solid electrolyte.
Principally, cell failure due to lithium dendrites which grow through and crack the solid
electrolyte. This thesis utilises a mechanics based approach to understand the fracture behaviour
of solid electrolytes which has until now been poorly characterised.

As the most electrochemically promising solid electrolytes are highly air-sensitive, work is
initially carried out to develop novel testing techniques to enable mechanical characterisation
of these solid electrolytes; providing the first look at their experimentally determined properties.
Firstly, an investigation was carried out into the effect of density on both the mechanical and
electrochemical properties of these solid electrolytes. This highlighted that more highly
densified solid electrolytes achieved better performance and identified LisPSsCl as the choice
solid electrolyte. Densified LisPSsCl electrolyte was mechanically tested to determine the
dendrite initiation model using local fracture strength, and the dendrite propagation model using
fracture toughness. To improve fracture toughness, the effect on mechanical performance of a
LisPSsCl composite using metastabilised zirconia particles was also investigated. To replicate
the effect of repeated cycling and mechanical fatigue on two solid electrolytes, LisPSsCl and
Lis4lasZri4TaosO12, is investigated by a novel micro cantilever fatigue test; this demonstrated

that crack growth can occur below the single cycle failure stress.
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1. Fundamentals of Batteries

1.1 Broader Perspective

The concept of storing electrochemical energy to be utilised at a later date goes back several
centuries, with the voltaic pile invented by Alessandro Volta in the late 18" century the first
device able to provide a continuous electrical current from a stored energy, this is widely
accepted to be the first battery.! The lead-acid battery followed in the mid-19" century
developed by Gaston Planté and demonstrated the first type of rechargeable battery.? Nickel-
cadmium and nickel-metal hydride batteries followed in the early 20" century, enabling

advancements in portable technologies.®

The greatest advancement came in the late 20" century with the introduction of lithium-ion
batteries. Their lightweight design and high energy density led to a portable digital revolution,
bringing in a new technological age.* Fast-forward to the present day, the need for electrical
energy storage has vastly expanded; renewable energy generation driven by formidable
environmental concerns demands greater storage capabilities.® Developments and
enhancements are being made to the existing small-scale portable lithium-ion batteries to
provide large-scale energy storage. One such example is the combination of multiple lithium-
ion cells, once optimised for portable phones, to form a battery pack suitable to power an
electric vehicle.5" Despite the advances, lithium-ion technology is still insufficient to meet the
current electrical energy storage needs therefore we need technologies beyond lithium-ion

which utilise lithium-metal anodes to form solid-state cells that are hailed as next generation of

1|Page



battery. However, there are still many challenges that face the solid-state battery which must

be overcome through research before this technology can be fully and commercially realised.®

1.2 Route to Solid-State Batteries

1.2.1 Lithium-ion Battery

The lithium-ion battery (LIB) is the most commercialised solution for rechargeable and
electrochemical energy storage. Development of LIBs has greatly driven the development of
microelectronics due to the higher volumetric and gravimetric energy densities than other
rechargeable systems, as shown in figure 1.1.8 LIBs are also popular due to their high-power

density, long life and environmentally friendly applications.’
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Figure 1.1: Volumetric and gravimetric comparison of the different battery technologies (lead-acid, nickel-cadmium, nickel-

metal hydride, lithium-ion, polymer-lithium ion, lithium metal) in terms energy density.*

LIBs consist of an arrangement of galvanic (voltaic) cells, each cell is made from four key
components, the cathode, anode, separator and liquid electrolyte.® During operation of the cell,
oxidation and reduction reactions occur at spatially separated electrodes, immersed in the
ionically conductive and electronically insulating liquid electrolyte.!! During cell discharge an
oxidation reaction occurs at the (typically graphite) anode creating Li* ions and electrons. The
liquid electrolyte allows for migration of the Li* ions between the electrodes, anode to cathode,
whilst preventing the flow of electrons.'? To maintain charge neutrality between the electrodes,

an electron flows from the anode through an external circuit, performing useful work before it
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enters the cathode.'>!3 During charging the process is reversed, an external current is applied
to the LIB, resulting in oxidation occurring at the cathode to produce Li* ions, which are then
driven from cathode to anode through the electrolyte.®!* A physical separator is also required,
to prevent a short-circuit as a result of contact between the electrodes.®® A schematic diagram

of the existing LIB can be seen in figure 1.2.
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Figure 1.2: Schematic of the lithium-ion battery?.

Despite their many positives LIBs do have a few safety concerns as well as limits on their
potential performance:

- Interface reactivity and degradation. A reaction occurs at the interface between the
graphite anode and liquid electrolyte which forms an inactive resistive layer more
commonly known as the sold electrolyte interphase (SEI).1"8 The formation of an SEI
layer causes a cell capacity fade, due to the loss in active lithium.!® At the cathode

interface, degradation can occur, especially when the cathode active material is under
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high charging rates and at elevated temperatures.?®?! Cathode degradation can also
further promote formation of a passivating SEI layer.

Unwanted lithium metal plating. Fast-charging LIBs are highly sought after,
particularly for use in electric vehicles to compete with the time taken to re-fuel
traditional fossil fuel vehicles. However, due to the resistive SEI layer limiting the
diffusion of lithium, fast-charging conditions can lead to lithium metal plating at the
anode, also known as a lithium dendrite. This could lead to a cell short-circuit which in
turn could cause thermal runaway and an explosion.??

Safety concerns. LIBs use an organic liquid electrolyte which is highly flammable and
produces toxic fumes if ignited,? which poses a major safety concern. Thermal runaway
is the most dangerous failure of the LIB and leads to the combustion of the organic
liquid electrolyte.? Thermal runaway starts with the overheating of the battery system
which can be a result of overcharging, exposure to excessive temperatures, or a short
circuit. As the internal temperature rises, exothermic chemical reactions occur which
causes further dramatic increases in temperature, culminating in catastrophic failure.?*
Limited energy density. Although the development of LIBs has progressed greatly,
there is a theoretical physiochemical limit on its energy density as demonstrated in
figure 1.3.%° Existing LIBs use graphite as the preferred anode as it is electrochemically
stable with common liquid electrolytes and the intercalation mechanism is easily
reversible.?® Therefore, LIBs with graphite anodes have an energy density limit of 350
— 400 Whkg?, the main limiting factor being the low specific capacity of graphite, 372
mAhg™.14?" The key to overcome this energy density limit and look beyond the current

lithium-ion technology is the incorporation lithium metal anodes.
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Figure 1.3: Trend of increasing volumetric and gravimetric energy density of LIBs?.

1.2.2 Lithium metal anodes

Lithium metal anodes have been viewed as the next big breakthrough in battery technology due
to their large specific capacity 3860 mAhg™, over ten times larger than that of graphite, its high
electro-positivity (-3.04 V vs standard hydrogen electrode), and it being the lightest density of
any metal.?®28 Use of lithium metal anodes has been previously demonstrated in the production
of single use (non-rechargeable) cells, in applications such as calculators and watches.?®
Previous attempts to make a rechargeable lithium metal battery have been unsuccessful thus
far, due to numerous issues arising during the combination of lithium anodes with organic liquid
electrolytes. The two key unresolved issues are:

- Continuous SEI formation. Similarly to the graphite anode in the LIB, a passivating
SEI layer forms at the interface between the liquid electrolyte and lithium metal, again
leading to a loss of lithium, resulting in capacity fade. However, during cycling
inhomogeneous stripping/plating and large volume changes in the SEI can cause the

layer to fracture, exposing fresh lithium metal. This enables the passivation to occur
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again, resulting in further lithium loss and continuous formation of an SEI layer which
severely damages the cell, reducing its ability to be recharged.3?3!

Short circuit failure. Inhomogeneous plating of lithium can easily occur during cycling
due to the rougher lithium metal anodes. This can lead to the growth of lithium dendrites
which can form through the organic liquid electrolyte, crossing the cell and causing and
electrical short circuit. This can lead to catastrophic failure and thermal runaway which

could risk an explosion.®?%

To unlock the use of lithium anodes the flammable liquid electrolyte must be replaced, to which

we look toward the all-solid-state-battery.>*

1.2.3 All-Solid-State-Battery

All-solid-state-batteries (ASSBs) gain their name due to use of a solid electrolyte (SE); the

recent discoveries of new fast Li* conducting materials has propelled the ASSB as the most

viable option for use of lithium metal anodes. The use of a solid electrolyte could pave the way

for safe yet high energy density rechargeable lithium batteries; in particular use of SEs would

provide the following clear advantages:

Improved safety. A solid electrolyte offers improved safety over its (typically) organic
liquid electrolyte equivalent, which are both highly flammable and toxic.?

Mitigate continuous SEI formation. An appropriately selected solid electrolyte can
form a stable interface with lithium metal anodes, therefore minimising (and in some
cases preventing) degradation at the interface.®>3® The physical presence of the solid
electrolyte blocks SEI formation of fresh unreacted Li metal, thereby significantly

reducing any capacity fade at the interface.3"®
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- Mechanical dendrite suppression. Dendritic growth of lithium metal is possible
through a liquid electrolyte and can lead to a short circuit. A dense solid electrolyte
provides a physical barrier and is hoped that it can mechanically suppress dendrite

formation, therefore inhibiting short circuit failure as demonstrated in figure 1.4.%

/Conventional Lithium lon Battery All-Solid-State Battery \

Anode Cathode Anode

o \
Chagghargea Solid-state ZDi
x | 4/ (6
N\l ) @ soien. %
wid electrolyteJ I-Separator Lithium ion Solid-state electrolyte/

Figure 1.4: A schematic comparing and contrasting the different configuration of the existing LIB and the Li metal ASSB.

Despite all its potential advantages the ASSB has not yet surpassed the performance of the LIB
even at the laboratory scale. Some shortcomings are:

- Liquid electrolyte ionic conductivity is significantly higher, of the order 102 Scm™,
whereas the majority of solid electrolytes have inherently tortuous ionic pathways, and
as such cannot reach this level of conductivity, typically 104-10- Scm™.3®

- Between most common anodes and cathodes there is a wide voltage window which can
lead to poor electrochemical stability of solid electrolytes across the potential
difference.

- Higher costs of manufacture due to increased costs when processing ceramics such as

high sintering temperatures, isostatic pressing, rolling to thin films etc.
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Poor physical interfacial contact at the Li/solid electrolyte interface, primarily due to
the brittle and rigid nature of solid electrolytes, necessitating applied stack pressure for
successful cycling.* Through better mechanical design of the solid electrolyte, which
this thesis aims to address, this issue can be significantly reduced if not completely
mitigated.

Dendrite formation has been observed to still grow even through a solid electrolyte. It
was theorised that the physical presence of a solid electrolyte would prevent lithium
traversing from anode to cathode and therefore preventing failure by short circuit.
However, when operating at high current densities lithium dendrites can penetrate the
solid electrolyte; improving the mechanical properties of the solid electrolyte will
greatly aid in dendrite resistance and therefore significantly improve the performance

of the ASBB.*

1.3  Solid Electrolytes

There are two main types of solid electrolyte, inorganic (ceramic) and organic (polymer), in

this electrochemical review only inorganic electrolytes are evaluated.

1.3.1 An overview on ceramic solid electrolytes

Solid-state ionic conduction dates back to the 19" century when Michael Faraday observed the
conduction of ions through silver sulphide (Ag2S) and lead (1) fluoride (PbF2), demonstrating
the possibility of ion transport through solid materials.*? The next big development came in the
mid-20™ century with the discovery of sodium beta-alumina. Its high ionic conductivity enabled
the development and production of the first commercial ASSB, namely the Na-S
(sodium/sulphur) cell.**** Whilst Na-S batteries have been widely used in stationary energy

storage, other solid-state batteries struggled to compete across other sectors. Lithium-ion
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batteries with liquid electrolytes became the choice method for electronic energy storage, and
Li-based batteries being the dominant leaders for power and energy density.*> Only recently
has the discovery of materials with high lithium ion conductivity enabled advancements in
solid-state battery design, bringing solid electrolytes to forefront of electrochemical energy

storage.

1.3.2 Solid Electrolyte Properties: Requirements and Classes

The criteria a solid electrolyte is required to meet are laid out below. Subsequently three of the

most common classes of solid electrolytes are explored in more detail.

1321 Solid Electrolyte Requirements

To be considered as candidate solid electrolyte for use in high performance solid-state batteries,
the ideal material must fulfil the following requirements:

- High ionic conductivity at room temperature. Common liquid electrolytes have ionic
conductivities of ~102 Scm™, however their low transference number means this
typically corresponds to a Li* ion conductivity of a few mS cm™.# Therefore, it is
suggested that solid electrolytes require ionic conductivities ideally >10° Scm™ at
room-temperature.*’

- Negligible electronic conductivity. Low electronic conductivity is essential to function
of the battery to prevent any unwanted discharge. It is also necessary to help prevent
lithium plating within the solid electrolyte and mitigate dendrite growth.*® An ideal
material will have an electronic conductivity six orders of magnitude lower than its ionic
conductivity (<10 Scm™).

- Chemically and electrochemically stable against the electrodes. Chemical and

electrochemical stability will prevent degradation at the interface, which will help
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mitigate the effects of capacity fade. Of the current high Li* ion conductors, few are
stable across the entire voltage window, therefore any resultant passivating (SEI) layers
must themselves be either very thin or have enough ionic conductivity to ensure low
resistance across the interface.34°

- Good interfacial contact between electrolyte and electrodes. Good interfacial contact
is key to ensure there is a large contact surface area between the electrolyte and electrode
through which ionic conduction can occur. Reduction in this contact area can increase
the resistance across the interface and effectively increase the local current density.>%

- Low cost. In order for the ASSB to be commercially viable and compete with the LIB,
not only does processability of the material need to be low cost, but so do the material
raw and production costs. Therefore, solid electrolyte compounds with particularly rare
earth (high cost) elements should be avoided where possible.?®

- High critical current densities. Lithium dendrite penetration can occur when a cell is
operated above a critical current density, which can lead to short circuit failure. To
enable charging of lithium metal anodes and practical rates that are competitive with

LIB’s, solid electrolytes must have critical current densities ideally >5 mAcm2,5253

This thesis goes on to explore, dendrite prevention is directly linked to the mechanical
properties of the electrolyte.>* As the existing LIB model operates in a liquid phase little
mechanical investigation has been carried out into batteries; as energy storage field looks
towards the ASSB as the next generation battery the existing lack of understanding behind the
mechanical processes occurring within the solid electrolyte necessitates the investigation

carried out in this thesis.
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1.3.2.2  Oxide SEs
Several oxides with fast lithium ion conducting properties have been produced in the past such
as LISICONSs, Li-NASICONSs and perovskites. However, their instability against lithium metal
resulted in them not being selected as viable options for an SE.> A new garnet-type ceramic
solid electrolyte was shown to exhibit even faster lithium ion conduction as well as stability
with lithium; these SEs have the general formula LizLasZr2012, or commonly referred to as
LLZO.%57 The stability against lithium implies that degradation at the anode/SE interface
should be reduced and a thick SEI mitigated, however in practice there is still evidence of a
resistive layer being formed.>®-%° One advantage that oxides hold over their halide and sulphide
counterparts is their far superior stability when exposed to air; this would significantly lower
the industrial processability cost when handling the SE on a large scale. However, this is offset
by the high sintering temperatures required to produce a dense oxide with the required Li* ion
conductivity. Overall oxides are an important class of solid electrolytes that have breathed new

life into the ASSB field, their suitability as the choice SE remains to be determined.®!

1.3.2.3 Halide SEs
Halide solid electrolytes have recently emerged as a strong alternative to existing oxide and
sulphide materials. Lithium halide electrolytes take the general chemical structure of LisM3*Cls,
some examples include LisInCls and LisScCle.52-%* Halides have garnered interest due to their
fast Li* ion conductivity and wide electrochemical stability windows, reducing the formation
of a resistive degradation layer at the interface.%® However, two significant challenges face
halide solid electrolytes. The first being the high reactivity against lithium metal anodes to form
a mixed ionic and electronic conductor (MIEC) interphase layer at the interface, this
significantly increases the internal resistance as well as provides an electronic pathway for

electric current to escape.®® The second being very poor stability in the presence of moisture,
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meaning that very costly processes would be required to commercially produce halide SEs.%’
Despite halide solid electrolytes not being the perfect candidate for the ASSB, their promising

properties are of use in the field and their potential as a composite is explored in this thesis.

1.3.24 Sulphide SEs

Sulphide solid electrolytes have been shown to have the fastest Li* ion conductivity of all
recently discovered electrolytes. They are typically found either as glasses with general
structure Li2S-P2Ss, or as either thio-LISICON or argyrodite crystalline materials with their
general structures being Li1oGeP2S12 or LisPSsCl, respectively.®370 Sulphide solid electrolytes
demonstrate a sufficiently wide stability window but their biggest advantage is their apparent
reasonable mechanical properties. Excellent interfacial contact has been observed at the
anode/electrolyte interface allowing fast ion conduction with little/no increased resistance as
cycling progresses.” Despite this observation of favourable mechanical properties, very little
is known about their mechanical properties due to their highly air and moisture sensitive nature.
This thesis provides for the first time experimentally determined mechanical properties of these
highly air sensitive sulphides. The degradation of sulphides upon exposure to moisture makes
processability difficult, however it has been shown that it can be done on a large scale in a

commercially viable manner through the use of dry rooms.”

When in contact with lithium metal there is evidence to suggest that the sulphides react and
form passivating interphase layers (SEIs), however these have been shown to form
exceptionally thin passivating layers such that significant capacity fade is avoided.’® Sulphide
SEs have also demonstrated excellent performance against popular composited cathodes,

making them the leading electrolyte class for use in an ASSB. The LisPSsCl electrolyte, (also
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referred to as argyrodite), has been shown to be the best candidate for a solid electrolyte and is

explored in more detail in the following section.

1.3.25 LicPSsCl Solid Electrolyte

LisPSsCl is also referred to as argyrodite as it shares the crystal structure of silver germanium
sulphide (AgsGeSs) which is more commonly known as argyrodite.”* The high mobility of Ag*
ions in AgsGeSs prompted Deiseroth et al. to synthesise lithium variants, formula LisPSsX (X:
Cl, Br, 1).% The crystal structure of LisPSsX is shown in figure 1.5, the Li-argyrodite takes the

unit cell of a cubic polymorph with the X" anion forming a face-centred cubic (FCC) structure

and the tetrahedral and octahedral voids occupied by S? ions and PS4 units respectively.”

Li,PS.X

ﬁna"
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a

Figure 1.5: Unit cell of the LisPSsX (X = ClI, Br, I) cubic polymorph. In the ordered configuration, a) X~ anions form an fcc
structure with S?~ ions in half the tetrahedral voids, b) PSs% units in the octahedral voids. ¢) Within this anionic framework,
Li* sites form cage like structures around the free sulphide positions.”™

LisPSsCl is the Li-argyrodite compound of choice because it can be economically mass
produced by ball-milling at room temperature and showed high Li* ionic conductivity of 107
Scmt at room-temperature.’®’” LisPSsCl has negligible electronic conductivity of 10° Scm™,®

and good electrochemical stability has been reported of up to 7 V vs lithium when using high-
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rate cyclic voltammetry (HRCV).”® However, HRCV is not the best method of measuring
stability window principally due to kinetic limitations of the rate of electron transfer and mass
transport, as well as the overpotential effects, both symptoms of high scan rates. Other methods
such as open circuit cell potential measurements (OCP) reports a stability window value closer
to 3 V.*97 LisPSsCl itself is not chemically stable with Li metal; the electrolyte is reduced,
forming a thin Li2S passivating interphase layer, no more than a few tens of nanometres thick,
at the interface.”8° The Li2S compounds have been shown to be ionically conducting, meaning
a chemically and kinetically stable interface is created, and any further degradation is
inhibited.® It has been suggested that LisPSsCl is less brittle than other highly conducting
sulphides which would be advantageous, however characterisation is derived from theoretical
modelling and the first experimentally measured values are in this thesis.®! It should be noted

that LisPSsCl is highly air-sensitive, therefore must be processed in an inert atmosphere.®?

1.4  The Lithium Metal Anode/Solid Electrolyte

Interface

The challenges that occur at the anode/electrolyte interface limit the use of lithium metal anodes
in solid-state cells, and an exact method by which they arise is yet to be revealed. A better
understanding of the mechanisms going on at the interface, specifically concerning Li dendrites
and problems due to poor interfacial contact (voiding), is needed to design a successful ASSB.
The mechanical properties and processes are pivotal to fully explain the mechanisms, but first

the electrochemical side of the challenges occurring at the interface are explored.
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1.4.1 Formation of Dendrites

The lithium/solid electrolyte interface is far from ideal: surface flaws on the SE, contaminants
in the Li and porosity found in both anode and electrolyte can lead to inhomogeneous plating
of lithium and morphological deterioration.®® This in turn can lead to plating/ingress of lithium
into the solid electrolyte, also known as Li dendrite formation, which can lead to short circuit
failure. It had been hoped that a physical solid electrolyte would inhibit dendrite formation by
mechanical suppression, therefore allowing use of lithium metal anodes. Unfortunately,
dendrites have be observed penetrating through a ceramic solid electrolyte when a critical
current density (CCD) has been exceeded.?># The Monroe and Newman model, suggested that
a solid electrolyte with sufficiently high enough shear modulus, i.e. 2-fold greater than that of
Li (4.2 GPa at 298K), would be able to mechanically suppress dendrite formation.® However,
it has since been shown by multiple groups that Li dendrites are able to penetrate very high
shear modulus ceramic solid electrolytes and cause short circuit failure.?>°08%-93 For example,
dendrite formation is seen in LLZO which has a shear modulus of 60 GPa, that far exceeds the
estimated ~8.5 GPa limit.%*% Several efforts at creating composite solid electrolytes in an
attempt to supress dendrite formation have been made; either through doping solid electrolytes
or by adding buffer/interlayers between the electrode and electrolyte, however only partial
success/improvements have been achieved.**° Other methods include using thin LiPON films
to create a flat and amorphous layer on the Li anode to create a uniform Li* flux, however this

only successful at higher cycling temperatures of > 50°C.1%°

A key issue is that the method of dendrite initiation and propagation at this point in time is
unknown. There are several proposed mechanisms for dendrite formation in the literature, but

no consensus as to which is correct, however it is widely accepted that higher current densities
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promote dendrite formation.>® Consequently the prevention of dendrites causing short circuit
failure is still the foremost challenge facing realisation of a practical ASSB; this thesis hopes to

find its solution by conducting a fundamental materials science investigation.

14.1.1 Dry Crack Propagation

A popular mechanism proposes that the growth of a lithium dendrite is due to propagation of a
dry crack ahead of dendrite, driven by pressure of a lithium metal flow, through the solid
electrolyte. Even 99% dense solid electrolytes will contain defects such as pores and surface
cracks and during plating at the interface, some Li will ingress at the defects. This is also known
as electrodeposition-induced plastic flow of the electrode metal, the result is lithium metal
plating into the pre-existing flaws as shown in figure 1.6.1%! Plating into the solid electrolyte
occurs initially at defects found at the anode/solid electrolyte interface because the energy
barrier is low, with only the interfacial and surface energies needing to be overcome.®*%2 An
enhanced lithium metal flux is experienced at the defects, as they also act as points of uneven
interfacial current. Once the flaw is full of lithium, any further Li plated will produce a
mechanical response in the form of crack-tip stress. The stress build up at the flaw sites will
trigger a stress release mechanism which could take the form of dry crack propagation and/or
metal plastic flow, as shown in figure 1.7. If a dry crack penetrates through the solid electrolyte
reaching the other electrode, this can provide a path for a lithium dendrite to travel and create

a short circuit.
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Figure 1.6: Electrodeposition generates local stress, which induces plastic flow of the electrode metal, resulting in lithium

metal plating into the pre-existing flaw.0

This suggests that dendrite formation depends on the surface morphology of the solid

electrolyte, in particular the defect density and size.®*% However, for these dry cracks to

initiate at the surface very sharp, needle-like surface flaws would be required, these types of

defects have not been commonly observed at the SE surface.
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Figure 1.7: Li metal filling a pre-existing flaw, causing a build-up of pressure, driving crack propagation.

14.1.2 Grain boundary deposition

Another mechanism is that in a polycrystalline solid (as most solid electrolytes are) lithium
preferentially deposits along the grain boundary, creating a lithium filament which results in a
short circuit. Work done by E. Cheng et al. showed direct evidence that Li plated intergranularly
through the LLZO solid electrolyte, along the grain boundaries. ® This Li deposition can cause
increased stress concentrations at the grain boundaries which can lead to transgranular fracture
of the grains, as shown in figure 1.8. Work by M. Nagao et al also showed using in situ SEM
plated lithium grew along the grain boundaries inside Li2S-P2S and then locally generated
several cracks.®® Y. Ren et al. have also shown evidence of lithium penetrating LLZO along
grain boundaries and interconnected pores resulting in a short circuit.’%* These results are also
supported by the theory of pore interconnectivity proposed by F. Shen et al. Using X-ray
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tomography, evidence was found that even though solid electrolyte porosity decreased with
increasing temperature, the interconnectivity of the pores increased.% Fine porosity is typically
found between grain interfaces, i.e. on the grain boundary. High interconnectivity of pores
means that it is easier for lithium to ingress into the solid electrolyte along the grain
boundaries.% This suggests that that lithium dendrite formation depends on the grain boundary

density and the interconnected pathway between pores.

Li metal Li metal
Li metal Li metal

Figure 1.8: Demonstrates the different routes by which Li metal could plate through LLZO solid electrolyte a) transgranular,

b) intergranular.?

1413 Electron Conductivity Tunnelling

A third mechanism suggests that the electronic conductivity of the solid electrolyte allows the
formation of dendrites within the electrolyte. Work done by F. Han et al. compared the density,
shear modulus, and ionic conductivity of LLZO with LiPON. These properties indicated that
LLZO should have a similar if not higher suppression of dendrites than LiPON, however short
circuit by dendrite formation still occurred in LLZO at lower current densities. The electronic
conductivities were then compared and LLZO has a 3-5 orders of magnitude higher electronic
conductivity than LiPON.*® This mechanism proposes that electrons from the anode material

can tunnel into the solid electrolyte, and during plating Li* ions are reduced to deposit lithium
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metal directly inside the electrolyte, ultimately forming Li dendrites. This suggests that to
prevent dendrites, solid electrolyte materials with very low electronic conductivities must be

used.

Another study suggests again suggests conduction of electrons results in direct lithium
deposition along the grain boundaries. Work by X. Liu et al. suggests that narrow/reduced
energy bandgaps of the grain boundaries enables dendrite formation. The research suggests that
when the local grain boundary potential exceeds the narrow bandgaps, resistance to electron
flow is weakened.'®® Therefore, if leakage current occurs, the grain boundaries act as the
electron source resulting in some Li* ions receiving electrons at grain boundaries. This then

forms isolated lithium deposits inside the grain boundary shown in figure 1.9.

a b c d
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electrolyte Li electrolyte Cathode

Figure 1.9: a,b) Shows the conventional formation of dendrites and growth through liquid electrolyte. c,d) Shows how dendrite

formation inside the SE could be possible through the mechanism of electron tunnelling.%®

However, given the electronic conductivities of common solid electrolytes, electrons would
only be able to tunnel over nm length scales. The current evidence identifies Li deposition at
distances greater than is feasible through electron tunnelling, therefore this suggests that

electronic conductivity is not the primary mechanism for lithium dendrite formation.
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1.4.2 Problem of Voiding

Although the exact mechanism of dendrite growth is unknown, there is a consensus that factors
leading to higher current densities at the Li metal anode/solid electrolyte interface, promotes
the formation of dendrites. A significant factor that has been shown to increase local current
density is poor interfacial contact, leading to a loss of contact surface area. Contact surface area
loss can occur due to two reasons: 1) formation of voids at the Li/solid electrolyte
interface,>®10%-114 2) as the battery is cycled, Li* ions are moving across the interface, causing
a volume change in the electrode.!™ The repeated expansion/contraction makes it difficult to

maintain good interfacial contact between two solids.®

It has been shown by J. Kasemchainan et al. that there are two critical currents densities to
consider that can cause failure in the all-solid-state battery; the critical current density for
plating (CCP) and the critical current density for stripping (CCS). By using 3-electrode cells it
is possible to separately investigate the processes of plating and stripping, at the metal
anode/solid electrolyte interface.* Plating is the process that occurs during cell charge, the flux
of lithium moves towards the interface. Stripping occurs during discharge of the cell and lithium

is removed from the interface.

CCP is the current density at which lithium plated at the interface will ingress into the solid
electrolyte, it also known as the critical current density for dendrite formation. If CCP is
exceeded, Li filaments will grow through the solid electrolyte, creating a short circuit and
failure will occur almost instantaneously.>® However, there is evidence of failure by dendritic
short circuit, occurring even when the cell is cycled below CCP.%! By considering CCS, this

effect can be explained. CCS is defined as “The current density above which the Li is stripped
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faster than it is replenished at the Li/solid electrolyte interface”,® when CCS is exceeded

voiding occurs. VVoid formation occurs when the flux of lithium away from the interface, during

stripping is greater than the flux towards it during plating. During stripping a lithium atom from

the anode at the interface is ionised, the resulting Li* ion flows into the solid electrolyte, leaving

behind an electron and a vacant site in the anode. The vacancies in the interface are transported

via diffusion away from the interface, and the site is replaced with a new lithium atom. If the

flux of Li* ions into the SE exceeds the rate at which interfacial vacancies in the lithium metal

anode are removed, then voiding occurs. Voiding decreases the interfacial surface area of

Li/solid electrolyte (figure 1.10), and increases local current density.
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Figure 1.10: stripping and voiding causes a reduction in surface area, ultimately resulting in dendrite formation, when being

cycled above CCS adapted from J. Kasemchainan et al.>°
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Below equation 1.1 which links current (1), current density (J) and surface area (S.A.) is shown.
This equation shows that for a constant applied current, a decrease in surface area will cause an
increase in the local current density:
I = S5.A X ] (eqnl.l)

The formation of voids causes the current flow through the remaining interfacial contact area
to increase, therefore local current density increases. If the local current density exceeds CCP
then Li will ingress into the solid electrolyte through the remaining interfacial contact areas
causing the formation of dendrites, and therefore failure by short circuit. Therefore, if cycling
occurs above CCS, voids will form which leads to failure even though the overall cell is cycled

below CCP.

1.5 Mechanics of Batteries

Whilst much has been investigated concerning the electrochemical properties of solid
electrolytes, little is known about their mechanical properties. With the LIB battery, the
electrolyte was a liquid phase meaning mechanical characterisation was not necessary. The
development of the ASSB requires in depth mechanical investigation that as yet has been
neglected by the wider energy storage field. A key contributing factor is the highly air-sensitive
nature of SEs, which makes mechanical testing of SEs very difficult, and as such the mechanical
properties of batteries are not well understood. There has been some more recent progress to
unearth the mechanical properties of these material as testing procedures continue to develop.
However, there has been no work done on the mechanics-related issues that face the ASSB,
specifically surrounding the dendrite formation mechanism. As mentioned previously Li
dendrites poses the most serious consequences to failure of the ASSB, is investigated in this
thesis. Other mechanically driven failures to consider are cracking and debonding both of which
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are affected by the individual mechanical properties of the ASSB components. It is then

interesting to consider which mechanical properties of the SEs can be investigated and which

will improve our understanding of the ASSB, helping progress its development:

Elastic modulus is an intrinsic material property in general terms it is the material’s
elastic response (deformation) to an applied external the force.*” It is usually defined
in terms of stress and strain and the specific elastic modulus reported is dependent on
how stress and strain are measured; such as Young’s modulus, bulk modulus, shear
modulus or indentation modulus which is the most commonly referred to modulus in
this thesis.

Hardness is a measure of a material’s resistance to localised plastic deformation.
Fracture toughness is the ability of a material to resist crack propagation.

Fracture stress is the point on a stress-strain curve where the material physically
separates and fractures.

Flexural strength is the maximum stress developed when bending a material just
before it breaks or cracks in a bend test.

Grain boundary strength is the fracture strength of the material where the grain
boundary is known to be the crack initiating defect.

Tensile strength is the ultimate strength of a material subjected to tensile loading. It is
the maximum stress developed in a material in a tensile test.

Compressive strength is the maximum stress a material can sustain when loading
under compression. Compressive strength is calculated by dividing the maximum load
by the original cross-sectional area of a specimen in a compression test.!!8

Fatigue Limit is maximum level of cyclic applied stress a material can withstand for

an infinite number of loading cycles without experience fatigue failure.
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1.5.1 Fundamental Solid Electrolyte Mechanical Properties

The major difference between ASSBs and LIBs is the presence of a solid electrolyte. Solid
electrolytes are classified as either organic (polymer) and inorganic electrolytes. Within
inorganic electrolytes there are several subcategories of SE with the most common being
sulphide, oxide and halide SEs.!'® Table 1.1 shows a list of experimentally measured
mechanical properties of several SEs. The mechanical measurement was carried out using
various types of indentation, however all of these measurements encountered some air
exposure, with some being carried out at atmospheric conditions which leads to degradation of

the SE and not a true reflection of its mechanical properties.

SE Materials Modulus (GPa) | Hardness (GPa) Kc (MPa m'?)
Li1. 2Zr1. 9Sr0.1(PO4)s (LZSP) |41 2.2 0.37
LiossLaos7TiOs (LLTO) 200 9.2 ~1
LizLasZr2012 (LLZO) 150 9.1 0.97-2.37
AlLLLZO 145.6 8.5 1.19
Li1sAlosTi17(PO4)s (LATP) [115 7.1 1.10
Li2S—P2Ss 18.5 1.9 0.23
Li2.9PO33Nos (LIPON) 77 3.9

Table 1.1: Experimentally determined mechanical properties of SEs.'®

Table 1.2 shows a list of theoretically calculated mechanical properties of several SEs,

including the popular LisPSsCl solid electrolyte.
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SE Materials Modulus (GPa)
Li,S-XS (X = Si,Ge) 27.1-31.0
Li,S-P,S—P,O, 22.0-27.0
Li,0-Li,S-P,S, 23.3-23.8
Li, GeP,S,, (LGPS) 37.2
Li PS X (X=Cl, Br, I) 22.1-30.0
Li,N 150.1-341.3

Table 1.2: Theoretically calculated mechanical properties of SEs.°

The data shown in tables 1.1 and 1.2 are the only mechanical properties of SEs found in existing
literature; this highlights the need for accurate, experimentally characterised mechanical
properties of SEs, using air-sensitive procedures. This thesis provides some much-needed
answers and information for this field as well as demonstrating techniques enabling air-

sensitive mechanical characterisation.

As mentioned above elastic modulus is a fundamental mechanical property of any given
material and a key parameter in materials design and development. It is most generally defined

in terms of stress and strain as shown in equation 1.2
o
E = z (eqn 1.2)

Where E is elastic modulus, o is stress and ¢ is strain. Indentation and bulk modulus are defined
and calculated specifically for the SEs investigated in this thesis; further detail is given in
section 2.6.2. Typically, the modulus is calculated through either tensile tests or indentation
(nano/Vickers) tests.'?%12L A theoretical modulus can be calculated from first principles.*?? In

table 1.1 the modulus of the oxide SEs has been calculated by using physical indentation tests,
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this is possible because oxide SEs are typically more air stable, meaning that they can be tested
using conventional techniques without fear of the mechanical properties completely degrading.
Although degradation of the oxides is low, reactant surface layers will form as a result of
exposure to air, so these results should be viewed with an element of caution and take into
consideration the rate of mechanical degradation. The organic SEs are also typically air-stable
S0 can be tested in air. They also are much easier to process than inorganic SEs and as such can
easily be made into tension bars, and the modulus can be calculated by undergoing tensile

testing.

Sulphide and halide SEs are highly air-sensitive and if exposed to air can react with moisture
even at room temperature, causing both mechanical and electrochemical degradation of the
material properties. As a result, the mechanical properties of sulphide and halide SEs are
relatively unknown and mostly theoretically calculated using first principle law. However,
McGrogan et al. developed a method to physically test the sulphide SE, Li2S-P2S, by Vickers
indentation under inert conditions. The method used is displayed in figure 1.11, it utilises a
specialised fluid cell that submerges both the SE and Vickers indenter in mineral oil and the
whole indentation test is performed in the 0il.*> Mineral oil is used as it is a fluid medium known
to be non-reactive with sulphide SEs. This setup in theory enables the testing of highly air-
sensitive materials, however, there are still associated issues such as the presence of the mineral
oil will fill the porosity in the SE and will contribute to its elastic response, acting as a compliant
medium, effectively reducing the SE stiffness. Therefore, this result should be viewed with a

degree of caution and more as an educated estimate rather than an intrinsic material property.
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Figure 1.11: Schematic of liquid cell used to immerse the sulphide sample in mineral oil during indentation.*°

Comparing the elastic moduli of these SEs, the oxides have by far the highest modulus value
implying they are the most rigid. This is beneficial for the overall strength of the ASSB but is
detrimental for its overall cycling capability. The high stiffness nature of oxide SEs, which can
lead to poor interfacial contact and through the issue of voiding (discussed in section 1.4.2) can
lead to short circuit failure. Organic SEs have very low elastic moduli which shows they are
much more suitable for flexible ASSBs and are likely to form a much more mechanically stable
interface. However, its electrochemical properties, in particular its comparatively low ionic
conductivity, mean it is not suitable for high energy density applications. Sulphide SEs are a
relatively recent development of inorganics SEs and are very promising candidates for the
ASSB. Sulphides have been shown to have fast ionic conductivities, even reaching levels of

~102 Sem!, and have a moderate stiffness which should result in good interfacial contact.'?®
The two other parameters in table 1.1, Hardness and Fracture Toughness, are material properties
relating to the deformation of the SE, therefore physical testing is required. Hardness is a

measure of plastic deformation and is typically defined as in equation 1.3.
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H—P 1.3
=~ (eqn13)

Where H is hardness, P is load and A is deformation area. Fracture toughness describes a
materials resistance to fracture and is calculated using the observed crack length after
indentation testing. It can be used to directly calculate the stress required for cracks to propagate
through the SE. As discussed previously the electrodes can undergo shape or volume changes
during cycling that can cause a build-up of stress at the SE interface which can lead to
damage/fracture of the SE, the brittle nature of oxide SEs means low crack resistance therefore
susceptible to fracture occurring at lower stresses. The soft and ductile nature of organic SEs
mean that traditional fracture mechanics are not possible and therefore their fracture properties
have not been widely reported. Other ceramic SEs such as sulphides and halides have such high
sensitivity to air exposure that it had not previously been possible to measure their fracture
properties with existing testing techniques. This thesis demonstrates a novel testing procedure

that allows investigation into the fracture mechanics of these solid electrolytes for the first time.

1.5.2 Factors altering the mechanical properties of SEs

There are three main factors that can affect the mechanical performance of inorganic SEs.

1521 Microstructure

Many popular inorganic ceramic SEs have a crystalline structure, the mechanical properties of
the material can be affected the highly ordered arrangement of atoms, for example the lattice
parameter can be used to influence the stiffness of SEs. A smaller lattice parameter usually
indicates a higher stiffness, for example Nonemacher et al. showed that doping LLZO with
increasing amounts of Ta introduced stronger interatomic bonds, resulting in a reduced overall
lattice parameter and an increased elastic modulus.'?4125 Dopant additives are generally touted

to improve the mechanical properties and therefore improve electrochemical performance.
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However, in the same study by Nonemacher et al. it was shown that the addition of Al to LLZO
reduced both the lattice parameter and the modulus. It is thought that the presence of Al reduced

the ratio of tetragonal phase by formation of a cubic phase, therefore decreasing stiffness.*?®

The grain size of a material has a significant effect on the plastic deformation properties of SEs,
especially for oxides. It has been shown that by hot-pressing LLZO at higher temperatures the
grain size can be increased, and the hardness decreased (non-linearly) from 9.9 to 6.3 GPa.'?
Fracture toughness of LLZO is constant for grain sizes above 40 um, however, as the grain size
decreased below this critical value the fracture toughness increased. This is likely because
smaller particles have increased grain boundary area therefore increased crack deflection. Grain
size can also be altered by introducing a second phase into the SE, e.g. the presence of MgO in
LLZTO-MgO increased the homogeneity of the grains, inhibited grain growth thereby reducing
grain size which resulted in a higher fracture toughness material.*?” This effect was investigated
for sulphides by Singh et al. by varying the particle size in cold pressed LisPSsCl electrolytes
and observing the presence/growth of lithium dendrites.'?® The study showed that there was
better surface homogeneity and improved crack deflection was observed, however the porosity

of the electrolyte was still very high which as subsequently discussed poses its own challenges.

15.2.2 Effect of porosity and other defects

Limiting defects, in particular porosity, can go a long way to mitigating dendrite formation. As
discussed previously porosity can act as a defect providing a lower energy barrier for lithium
ingress into the SE. Swamy et al. carried out a study using single crystal LLZO (garnet, Ta
doped) to investigate its effect on dendrite resistance.®’” A single crystal is considered to be fully
dense, free from both internal voids and defects such as grain boundaries. Whilst some

improvement in dendrite resistance was observed, it was ultimately limited by the presence of
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surface flaws and no notable CCD improvement demonstrated. A different attempt to reduce
porosity and defects is the production of glassy electrolytes. Porz et al. developed highly dense
glassy LPS, which showed improved resistance to lithium dendrite formation.®® Later work by
Diallo et al. demonstrated that high single plating currents can be achieved in glassy LPS with
no lithium dendrite formation.'?® However, this dendrite resistance could not be repeated for
cell cycling.313 Another factor to consider is the inherently brittle nature of glasses which
makes them much for susceptible cracking and complete brittle failure, as well as increased

difficulty during manufacture.*°

It is also important to consider how the mechanical properties of SEs are affected by porosity.
As all inorganic SEs have pores they are never fully densified, therefore theoretical calculations
of mechanical properties are likely to be an overestimate of the actual SEs mechanical
properties. Cho et al. compared the mechanical properties of LLZO prepared by a sol-gel
process and by a solid-state process. Respectively the relative porosities were 5.3% and 1.9%.
The solid-state sample had higher modulus and marco hardness (200 GPa, 119 HRB) compared
to the sol-gel sample (186 GPa, 93 HRB). However, the trend varied in the opposite way for
fracture toughness (1.01 MPa m®® sol-gel vs 0.72 MPa m°°® solid-state).132 This is expected as
the higher porosity in the sol-gel sample will provide more barriers for crack propagation

therefore more crack deflection occurs resulting in more energy absorbed.

15.2.3 Composite SEs

A way to improve the SE mechanical properties is to form composite structures. This can be
done through many different methods ranging from simply adding inorganic particles to
incorporating a fibre matrix.*33135 It has been shown that incorporating inert inorganic particles

into polymer SEs can improve both mechanical and electrochemical performance. F. Croce et
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al. use inert particles to create a nanocomposite polymer electrolyte with improved
electrochemical performance.*® The composite SE showed improved ionic conductivity, as
despite the non-conductive nature of the inert particles, their addition reduced the SE’s
crystallinity. Adding inert particles can also improve SE mechanical properties as shown by W.
Krawiec et al. The addition of alumina particles to polyethylene oxide (PEO) resulted in
increased mechanical stability of the composite SE.*3” The addition of active inorganic particles
can make polymer SEs a more viable option by considerably increasing their conductivity.
Addition of nanoscale LGPS and LLZO particles can increase the conductivity of PEO by one

or or two orders of magnitude.3*13

The use of well-dispersed secondary phase particles to improve the mechanical properties of
Na-B-alumina by transformation toughening is well documented.®**-14 This was achieved by
creating a composite with a dispersion of very fine partially stabilised zirconia particles within
the microstructure. The partially stabilised zirconia undergoes a phase transformation under the
applied stress of a propagating crack tip which provides a toughening mechanism for the
composite. The use of partially stabilised zirconia to provide transformation toughening has
become standard practice in ceramic material development, its use to improve the mechanical

properties of solid electrolytes are explored in this thesis with and LisPSsCl composite.

The incorporation of fibre matrix has been shown to significantly increase the mechanical
strength of a SE, through toughening mechanisms such as crack deflection and crack-bridging.
A composite SE created by electrospinning cellulose/PEO fibres with added GELPEO fibres
had improved Elastic modulus than the original PEO SE.**® Work done by Li et al. shows that
a 3D fibre-network of LATP/PAN reinforces a composite PEO SE and again increases its

elastic modulus.'*® Using the measurement techniques developed in this thesis, it has been
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shown that introducing a glass-microfiber matrix significantly improves the mechanical

properties of the sulphide solid electrolyte, B-LisPSs (LPS).13

1.5.3 Electrode Mechanical Properties

Electrode materials can be divided into anode and cathode materials. The role of the anode is
to release electrons to the external circuit and positive ions through the electrolyte during
discharge. The cathode compliments the anode by receiving the electrons from the external
circuit and is reduced by the arriving positive ions. Table 1.3 below shows the mechanical

properties of some common electrode materials.

Material E (GPa) H (GPa) Kc (MPa m'?)
LiCoO, 178-191 8.3 0.94
NMC 198 11

LiFePO, 120.41
LiMn,O, 93 8.9

Si 113 16.6

Li 4.9 0.6

In 12.6 1.2
graphite 6-15 1 0.04-0.05
LiTiO4 181

Table 1.3: Mechanical properties of electrode materials.'4’

1.53.1 Anode Mechanical Properties

As discussed in section 1.2.3 a key aim of the ASSB is to allow the use of lithium metal as the
anode material due to its far higher energy density than the existing graphite anodes. As outlined
in table 1.3 the elastic modulus of lithium is approximately 1-2 orders of magnitude lower than
that of the SEs. This is due to weak interatomic bonding within the lithium which leads to: low
modulus, low melting temperature and low activation energy for self-diffusion, which in turn
means that Li is highly susceptible to creep at room temperature.'*® A study carried out by
Masias et al. showed time-dependent deformation of lithium when under applied pressure,

again suggesting the main lithium deformation mechanism is creep.**® Deformation of lithium
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metal can lead to the formation of lithium dendrites (discussed in section 1.4.1) and ultimately

the short-circuit of the battery.

15.3.2 Cathode Mechanical Properties

Due to the poor interfacial contact between cathode and SEs it is common to find composite
cathodes used in ASSBs.>® Usually a composite cathode will be comprised of active material
cathode particles that have a SE coating to increase the contacted surface area between cathode
and SE. The mechanical data displayed in table 1.3 is for the pure cathode material and shows
that the elastic modulus is greater than most sulphide electrolytes and of the same order of
magnitude as most oxide electrolytes. There is little in the literature about how the difference
in elastic modulus between the two components affects the elastic modulus of the composite.
However, there is consensus that smaller active material particles in the composite cathode is
preferred. Smaller active particles increase the total contact area therefore increasing total
battery current, they also increase capacity by shortening ion diffusion and charge
transportation pathways.*” They can also help homogenise the distribution of lithium ions and
any stress build up due to the associated volume change, therefore helping reduce mechanics

related material damage to cathode.>*

1.5.4 Proposed Solid Electrolyte Failure Mechanisms

Solid electrolyte and the solid electrolyte/electrode interface suffer many different forms of
mechanical failure, and the penetration of lithium dendrites the critical limiting factor to
production of a successful. In this section several proposed mechanisms for dendrite formation,

mitigation and solid electrolyte mechanics are evaluated.
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1541 Modelling of Lithium Dendrite Mechanics

Lithium dendrites are known to be one of the most severe failure mechanisms in L1Bs.*>2 The
use of SEs in ASSBs cannot completely supress dendrite formation as was previously hoped.*4’
Similarly to LIBs, lithium dendrites reduce coulombic efficiency in ASSBs by trapping Li-ions
or by causing a short-circuit and catastrophic failure.r>>'* As previously discussed the
inhomogeneity of lithium plating at the interface and the associated uneven interfacial currents,
cause lithium pile-ups at the interface which results in a local build-up of mechanical stress.
Many past models developed to describe the formation of dendrites in LIBs approached the
problem from an electrochemical standpoint, overlooking the mechanical effects at the
interface. The first model to include a mechanical factor was developed by Barton et al. which
considered the surface tension of the anode.'>>® However, to fully understand the formation
of dendrites in ASSBs, the mechanical factors/properties of the SEs and the Li metal must be

considered.

A model developed by Monroe et al. predicts the current density stability of deformable
interfaces by considering the local strain and interfacial volume changes.®" 18 The model
suggests that compressible SEs promote better interfacial stability and SEs with higher
Poisson’s ratios and elastic modulus have improved dendrite suppression.}*” Natsiavas et al.
developed a model that considered pressure assisted diffusion of lithium ions as well as the
volume expansion of the intercalated SE.*®® This model confirmed that compressibility of the
SE was favourable for good interfacial stability and also showed that dendrite growth can be

suppressed, and interfaces stabilised if the SE interface is exposed to a transverse prestress.

Taking a different approach Porz et al. developed an electro-chemo-mechanical model that

considered the stress at the tip of a defect and the lithium deposition overpotential, schematic
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shown in figure 1.12.%¢ When this model is combined with crack propagation fracture law it is
possible to relate the defect size and material fracture toughness to the growth of lithium

dendrites.
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Figure 1.12: Simplified schematic of a Li filament in a SE. The model predicts a maximal stress at the filament tip that decays

along the length of the filament from the tip backwards.%®

A similar model developed by Bucci et al. looks at the effect of surface defects on deposition
in consideration with the volume expansion coefficient.™® The result showed that as crack
length increased so did the driving force at the crack tip for lithium plating, and that as

hydrostatic pressure increases in the crack the rate of plating decreases.

154.2 Microstructural Mitigation of Li Dendrites

The above models by Porz et al. and Bucci et al. suggest that primary cause for fracture of the
solid electrolyte is presence of defects in the microstructure, particularly at the surface. As
discussed previously surface defects provide a lower energy barrier that the lithium dendrite
needs to overcome to ingress into the solid electrolyte. Therefore, removal or reduction of
microstructural defects in the SE material will aid the suppression of lithium dendrites. It has
been shown that failure by short circuit tends to occur earlier in more porous SEs than compared
to denser ones.!® As discussed earlier, porosity and surface defects can lead to the effect of
voiding, which is when areas of increased local current density, due to the poor interfacial

contact, can initiate lithium dendrite formation.
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Creating SE composites is one method to reduce formation of Li dendrites. Porosity exists in
inorganic SEs primarily due to the sintering step in the production process. Xu et al. have shown
that by introducing additives porosity can be significantly reduced. By adding LisPOs powder
to the electrolyte LLZT, it was possible to significantly decrease both number of defects and
ionic resistance.*® It is shown in figure 1.13a) that the glassy LisPOua s able to fill the porous
gaps in the LLZT. During plating the LisPOa is transformed to LisP, an ionically conducting

material, that fills the voids and suppresses Li dendrite growth.

a) Uidendrize Dendrlte formation Dendrite free

Plated Li
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wzr + Li* current s Li dendrite  ————= Li alloyed buffer layer

Figure 1.13: a) Schematic showing of the dendrite suppression mechanism of adding LisPO4 to LLZT electrolyte.'®0 b)
Demonstrating how a coating layer could improve interfacial contact in ASSBs, therefore improving lithium flux through SE

and preventing dendrite formation. .6

Another method to supress Li dendrite growth is the use of coating layers on the SE at the
interface with the lithium anode. The use of coating layers has been well reported on in the
literature with PEO being the most popular for organic coatings;'216* for inorganic coatings
use of Al203, ZnO, Ge and Au materials have been reported.*1-161.164.165 There are two primary
functions of a coating layer, the first is to homogenise the flux of lithium ions by improving the
interfacial contact, as can be seen in figure 1.13b). The second function is to reduce the
interfacial resistance of the lithium ion flux by increasing the Li-ion wettability on the SE
surface. Coatings allow ASSBs to exhibit better cycling stability and increase Li dendrite

suppression.
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1543 Solid Electrolyte Fracture Mechanics

An alternative theory is that fracture of the solid electrolyte is caused by a stress build up within
the SE itself rather than the lithium, resulting in internal crack initiation and subsequently
propagation.'*’ This internal stress build-up can have several different origins; one mechanism
Is the associated stress due to volume changes in the composite cathode as the primary cause
for ASSB cracking. During cycling the active material particles found in the composite cathode
expand and contract which results in volume variation, increasing the shear stress ultimately
leading to cracking in cathode active material particles.}'®% Formation of interphase layers
between the anode and SE can lead to solid electrolyte interphase (SEI) induced cracks.'*’
During early stages of cycling the SEI formation can help reduce interfacial resistance by filling
any micro gaps formed between the anode and SE. However, continued growth of the
interphase can trap Li-ions at the SEI, which are then reduced to form Li metal. This can result
in a volume expansion at the SEI which generates a build-up of stress causing cracks in the

SE.1®7 Figure 1.14 is a schematic showing the stress build up at the SEI leading to cracking.
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Figure 1.14: Schematic of the SE, the interphase, and Li metal illustrating the chemical potential change for Li ions and

electrons during electrochemical reactions.'®”

An alternative mechanism is cracking caused by the thermal residual stresses that have been
created during the fabrication process.'®® Volume or lattice changes caused during the
fabrication process e.g. during sintering can then lead to stress build up high enough to generate
cracks. Finally, environmental factors can also cause cracking. Kobi et al. showed that LLZO
that had been stored in inert conditions had good mechanical stability when cycling, however

if exposed to air spontaneous cracking occurred.1%

1544 Debonding Mechanics

Debonding refers to a break or physical separation between two phases and therefore failure
occurs at the interface. This usually either occurs in the composite cathode if an active material
particle becomes isolated,!**"® or as layer delamination in planar layer ASSBs.17173
Debonding causes a decrease in conduction of Li-ions therefore increasing interfacial resistance

and a reduction in capacity.1’4"> As mentioned previously during cycling of ASSBs there is a
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volume change in the composite cathode, specifically the active material particles, which can
result in debonding at the interface. Debonding at the cathode/SE interface can lead to a crack
along the interface as well as through the electrolyte itself.2’® Sun et al. showed that in planar
layer batteries if local stress exceeds the elastic modulus of the SE, then deformation to the SE
is permanent and can initiate micro-voids at the interface.*’* During further cycling these micro-
voids can grow and stretch to ultimately result in delamination and debonding. Work done by
Su et al. showed that variation in chemical composition may alter the mechanical properties of
the components which can then cause debonding to occur.’® The growth of lithium dendrites
can also cause debonding to occur.*” Using in-situ SEM, Dollé et al. were able to show that Li
dendrites formed during cycling were able to induce debonding.’® Figure 1.15 shows that
instead of penetrating the SE, if the dendrites grew along the interface this could cause

delamination of the anode layer, resulting in loss of contact.
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Figure 1.15: Schematic showing the possible mechanisms of debonding induced by dendritic growth.>4

1.6  Thesis Aims

This chapter has detailed both the need and great potential of the all-solid-state-battery. The
ASSB will enable the use of lithium metal anodes making the next generation of batteries both
safer and far more energy dense. There are several current issues that hinder progress, with
solid electrolyte the primary component linked to many of the difficulties the ASSB faces. One
of the biggest problems is short circuit dendritic failure through the solid electrolyte, it is clear
that the mechanical properties of the solid electrolyte are the key to solving this issue. The
mechanism of how dendrites ingresses and then propagates is also still unknown; the mechanics

focused approach demonstrated in this thesis provides a breakthrough answer allowing
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significant progress and superior material design choices to be made. As little is known about
the mechanical properties of battery materials and the challenges of their high air-sensitivity,
this thesis demonstrates both novel testing methods that enable mechanical characterisation of

these materials.

In the first experimental chapter the question posed is what techniques can we use to measure
the mechanical properties of these highly air-sensitive materials and can they be improved? The
chapter discusses the novel methods used to provide the mechanical characterisations of several
popular solid electrolytes; it then goes on to suggest how creating composites, using existing
low-cost processing routes, may be used to improve the mechanical properties of the solid
electrolyte. The following experimental chapter demonstrates a pioneering mechanical testing
method that provides the first mechanistic understanding of the dendrite mechanism for
initiation and propagation in the solid electrolyte. This then asks the question how can the
dendrite resistance of the ASSB be improved? Through mechanical testing carried out in this
chapter a new understanding of the mechanical properties of the solid electrolyte was
determined; which was used to further improve mechanical properties of the solid electrolyte
through both different processing routes and introducing a composite material. The final
experimental chapter investigates the issue of ASSB cycle lifetimes, in particular the cyclic
fatigue of the solid electrolyte. The successful ASSB will be expected to undergo several 1000s
of charge/discharge cycles which means repeated cyclic stresses on the solid electrolyte, for
example, through the volume expansion of the SE during plating or through stress concentration
build up at surface defects. With solid state literature often reporting the best case
electrochemical performances, usually after only one cycle, it is important to consider the effect

of several cycles. Using a novel testing procedure an experiment designed to apply cyclic stress
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to the solid electrolyte was use to probe the fatigue properties of the material, to better inform

the design choices when producing the next generation ASSB.
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2. Experimental Techniques

2.1 Aim

This chapter introduces the various different sample preparation methodology, mechanical
testing techniques and experimental material characterisation used throughout this thesis. The
theory behind each procedure is explained, and consideration is given for how each technique

is used or adapted for solid-state battery research.

2.2 Sample Preparation

2.2.1 Cold Pressing

The compaction of powders to manufacture metal and ceramic products is a widely used
technique,'’’ this is known as cold die compaction, or more commonly as cold pressing. Cold
pressing is a room temperature procedure which uses applied pressure to shape material powder
into a green compact. The process starts with a measured amount of powder, in this case ceramic
powder, loaded into a specific mould cavity of a die set. Once assembled and sealed, the die set
is then loaded into a hydraulic press which applies a specified uniaxial load to the die set, and
therefore applying pressure to the powder particles. This pressure forces the particles together,
reducing the volume occupied by gas between the particles, densifying the powder and forming
a green compact. This green compact formed is then removed from the die set, retaining the

shape of the die cavity.
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The relative density of the green compact depends on several material factors such as particle
shape, size,'’8 elastic modulus and yield strength.1’® Other factors such as compaction pressure
also determine the final density of the compact.*® The theoretical limit for density of a green
compact can be above 90% relative density; however due to the limiting factors described above

green compacts typically have relative densities in the range of 60-80%.

a) Powder loaded b) Compaction c) Sample ejection

into die set stage
Load

Green
Compact

Powder

Die -

Figure 2.1: A diagram showing the three stages of forming a green compact by cold pressing.

2.2.2 Sintering

Sintering is a heat treatment process that can be used to consolidate powder particles, and is
the most widely used method to produce ceramic bodies with higher densities.’®* The
temperature of the heat treatment is required to be well below the melting point of the material
powder. The process starts with a green compact of the ceramic powder, usually produced
through cold pressing as described above in section 2.2.1. The green compact is then heated to
a specific temperature, usually around 0.5-0.7 times the melting point of the material,

transforming the compacted powder into a dense solid.
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The driving force for this transformation stems from the fundamental thermodynamic principle,
the reduction of total Gibbs free energy of the system, AG. The free energy of the green compact
system is comprised of the free energy changes of particle boundaries, 4Gy, surfaces, AGs, and
volume, 4Gy, as shown in equation 2.1.
AG = AGy, + AGs + AG, (eqn 2.1)

During sintering the reduction in overall free energy is dominated by the decrease in surface
area of the particles. The individual powder particles have a greater surface energy than that of
solidified material, therefore densifying the material will reduce the surface free energies, A4Gs,

thereby decreasing total Gibbs free energy.

Figure 2.2: The densification of powder particles during sintering. a) Powder particles in a green compact, b) intermediate

stage particle re-arrangement, c) final stage particles necking together.

Figure 2.2 shows the stages of sintering. During the heat treatment process solid-diffusion of
the particles occurs, this re-arrangement of particles results in points of contact between the
particles. Atoms diffuse across the interface between and form interatomic bonds, thereby
reducing the interfacial area and decreasing surface energy.*8? At the points of contact between
the particles, the material undergoes necking and increases in size due to diffusion. Necking
refers to the increased contact area between adjacent powder particles, due to the growth of
particles and the formation of bonds between them.!® This reduces the number and size of
pores and reduces surface area energies, shrinking the ceramic body.!8! The higher temperature

increases the driving force for densification, however too high temperatures can cause grain
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growth which can negatively affect the mechanical properties. Optimisation of the particle
shape and size, as well as heating temperature, rates and times can increase the thermodynamic
driving force for densification, and therefore producing a consolidated ceramic body for use in
an ASSB. Cold pressing was used in this thesis to transform solid electrolyte LisPSsCl powder
into green compacts that could be used for both electrochemical and mechanical testing.
Conventional sintering is not used to densify the LisPSsCl solid electrolyte as it degrades at
high temperatures®*;18> however, there have been promising results for LisPSsCI densification

using hot pressing.

2.2.3 Field Assisted Sintering

Field assisted sintering (FAST), also known as spark plasma sintering (SPS), is a consolidation
technique, carried out under low atmospheric pressure, that uses a pioneering variation of hot
pressing. Specifically utilising an applied pressure and an electric field to achieve densification
of a ceramic body. Similar to hot pressing the heat treatment and uniaxial powder pressing are
carried out simultaneously; the key difference being that the heat treatment is performed
through electric current pulses, therefore allowing densification to occur at lower temperatures

compared to traditional sintering (section 2.2.2).

In traditional sintering the densification mechanism of diffusion and bonding between powder
particles is driven by thermal energy. The introduction of an electric field during field assisted
sintering causes several different material interactions, therefore other densifications
mechanisms:

- Joule heating, generated by the electric current passing through the electrically conductive

die and ceramic body means that the powder is heated both internally and externally. This
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enables rapid heating of the ceramic body and removes the requirement for external
heating, lowering the temperature overall heat treatment process.&

- Enhanced diffusion, diffusion of atoms at the points of contact between particles is
increased by the electric field, which accelerates the formation of interatomic bonds.*®’

- Plasma effects, at high temperatures the temporary formation of a low-pressure plasma has
been observed; which could potentially influence powder particle interactions and further

contribute to heating effects, however this specific mechanism is surrounded by

controversy.
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Figure 2.3:Schematic of a field assisted sintering arrangement. 88

Figure 2.3 shows a schematic of a field assisted sintering arrangement. The material powder is
loaded into the die set, graphite dies are typically used due to their good electrical and thermal

conductivity as well as their low thermal expansion and being low cost. The die is loaded
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between two pistons inside the chamber, the chamber is then placed under vacuum and pressure
applied to the die set, through a load applied to the pistons. The power source applies electrical
current pulses (100-1000 A) through the die to induce heating, which is monitored by the
pyrometer or thermocouples. Field assisted sintering was used in this thesis to transform solid
electrolyte powders into densified ceramic bodies at low temperatures to prevent significant
degradation of the solid electrolyte materials that occur at high temperatures; for example, grain
growth in ceramic electrolytes which can lead to decreases in ionic conductivity or thermal

decomposition causing chemical breakdown into less stable components.

2.3 Air-Sensitive Materials Characterisation

The materials used for manufacture of the ASSB, especially those containing lithium are highly
air-sensitive; undergoing chemical degradation with even the slightest exposure. As established
in the previous chapter, the air-sensitivity of these materials as well as the previous use of a
liquid phase LIB, has meant that there is little to no mechanical information on battery
materials. Given the need for mechanical characterisation a novel set-up to enable this very

difficult mechanical testing was required.

To accurately investigate their properties in-situ nanoindentation was carried out in an enclosed
Argon system; avoiding the compromises seen in the literature where reported mechanical
properties have been either investigated in air or theoretically estimated. An innovative system
was developed to allow air-sensitive mechanical testing to be carried out, providing
experimentally determined mechanical characterisation of these materials. The system
comprises an Argon glovebox combined with a TESCAN Mira 3 SEM and mechanical testing
was performed using the Bruker Hysitron P1 89 in-situ nanoindenter, a schematic is shown in
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figure 2.4a). More detail on the workings of the SEM, nanoindenter and other necessary

techniques is given later in this chapter.

A Gloveb
rgonGlovebox _

Figure 2.4:a) Schematic depicting the novel air-sensitive mechanical testing set-up, comprising an SEM directly attached to
an Ar glovebox, with an in-situ nanoindenter. b) Image showing the nanoindenter inside the SEM chamber, c) Image detailing

the Bruker Hysitron PI 89 in-situ nanoindenter.

The Ar glovebox is the same standard as is used for processing and handling of ASSB materials
by academia and the wider industry. An SEM is attached to the Ar glovebox, with the SEM
chamber door opening directly into the glovebox, this allows the transfer of samples into the
microscope to only be exposed to the argon atmosphere of the box and the vacuum of the SEM
chamber. The ground-breaking step is the inclusion of an in-situ nanoindenter, this allows for
samples to be loaded in an argon atmosphere and then indentation is carried out under vacuum
inside the SEM chamber (figure 2.4b); therefore, preventing any exposure to air during testing

or transfer. There are limitations to the capabilities of the in-situ nanoindenter such as load, tip
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geometries and testing mechanisms, combined with the often poorly processed solid
electrolytes that prevent some traditional nanoindentation techniques from being used. Novel
testing procedures were developed in this thesis to investigate the necessary mechanical

properties, further details of these methodologies are discussed later in section 2.6.

2.4 Fundamental Microscopy Techniques

2.4.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a microstructural characterisation technique that uses
electrons to study the surface structure of bulk specimens. Electrons have very short
wavelengths, therefore can enable higher resolving powers than the optical microscopy
techniques which are constrained by the diffraction limit of visible light.!®® As a result, electron
microscopy techniques are the preferred method to investigate the composition and topography
of a material surface, providing high-magnification images.’® During SEM an electron beam
is scanned across a minimally prepared sample surface; the technique allows relatively large

areas to be imaged, making it a versatile and popular choice for material characterisation.

Figure 2.5a) shows the schematic for an SEM column. The electron source contains an electron
gun which produces electrons through thermionic emission, in the case of TESCAN Mira 3 it
is a tungsten source. The generated electrons are then accelerated towards the specimen at
voltage between 2-40 kV, under ultra-high vacuum conditions (~10%° mbar). A set of condenser
lenses are initially used to converge the electrons into a fine beam, forming the initial spot size.
Apertures are positioned after the condenser lenses to remove any aberration effects and to
additionally control the spot size, so that as the beam hits the specimen the beam diameter is 2—

10 nm. Scanning or deflector coils are used to scan the beam across the specimen.!®! The
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objective lenses are used to perform the final focus of the beam on the sample surface. Multiple
detectors are positioned inside the SEM chamber to record and analyse the different signal types
generated. The highest resolution when performing SEM imaging is directly dependent on the
set-up configuration used. Whilst using higher electron accelerating voltages and greater beam
intensities can improve spatial resolution and increase the electron interaction volume, the
higher energy electrons can cause beam damage to the sample, therefore not producing a well
resolved image. Therefore, a balance between the greatest depth of field with an achievable

final spot size must be reached.'%?
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Figure 2.5:a) Schematic showing the key components and detectors of a typical scanning electron microscope. b) Schematic

displaying the sample emissions caused by an incident electron beam.

There are various different interactions of the accelerated incident electrons with the sample
surface, which generate several different types of signals, shown by the schematic in figure
2.5b). The most commonly emitted electrons are either backscattered electrons (BSE) or

secondary electrons (SE), these are capture using their respective detectors (figure 2.5a).
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Secondary electrons are low energy electrons, that typically originate within 5-50 nm of the
atom surface. They are generated by the inelastic scattering interactions between the incident
electron beam and the atom, which releases electrons from the inner atom core.®? Due to the
shallow origin of the secondary electrons, the sample surface orientation, morphology and
presence of defects; has a strong effect on the efficiency to which secondary electrons are
released. Sharp edges usually result in the highest efficiencies, as such secondary electron
images reveal the most information about the surface topography. Backscattered electrons
originate from deeper regions ~1-2 um of the sample. They are incident beam electrons which
have interacted with the nuclei of the atoms and as a result been scattered through high angles.
The intensity of emitted backscattered electrons is correlated to the atomic number of the
elements present, and therefore provide good compositional contrast. The higher the atomic
number of the scattering nuclei, the more efficient the scatter of electrons, which are represented

by brighter regions in BSE images, therefore providing compositional information.%?

As discussed during SEM imaging a focused beam of electrons scans the sample surface,
typically fewer electrons are released during the various signal emissions from the sample
surface than are incident. In a conductive material these excess electrons easily flow through
the material and escape through the electrically grounded SEM. For the case of an electronically
insulating sample this is not possible, a local negative charge build-up can occur on the surface,
leading to image distortion, image drift, and uneven bright spots. A requirement of solid
electrolytes is that they are good electronic insulators, which increases the risk of charging
during electron imaging. Several effective techniques to prevent the effects of charging include
coating the sample with a conductive thin film (e.g., Au, Pt, C) or imaging using lower beam
currents (beam intensity) and lower accelerating voltage (beam energy). In this thesis the use

of a silver epoxy to affix the samples to SEM pin stubs in combination with low beam currents
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and voltages were sufficient to prevent significant charging effects whilst still providing high
resolution images. The SEM micrographs in this thesis were primarily produced by secondary
electrons, selected as they are low energy electrons (<25 eV), emitted from near the specimen

surface and provide high resolution and good topographic contrast.

2.4.2 Focussed lon Beam

The focused ion beam (FIB) is a powerful microscopy tool that can be used as a precision
sectioning tool whilst simultaneously provide high-resolution imaging. A FIB microscope
functions according to the same principle as an SEM; a beam of charged particles is scanned
across sample, the resultant interaction between incident particle and surface atom produces a
signal which is used to form a magnified high-resolution image.'®® The key difference being
that FIB typically uses positively charged ions, rather than electrons used in SEM. Typically
FIB microscope set-ups will include both a FIB and SEM column that focus on the material,
see figure 2.6a). Similarly to SEM, the entire FIB system operates under high vacuum
conditions (~ 107 Pa) enabling a focused and clean interaction with the sample by minimising

collisions between any present gas molecules and the ion beam.

The FIB technology typically utilises gallium ions (Ga®), finely focused into a beam, fired at
the sample where the ions interact with the surface atoms. The FIB column contains a Liquid
Metal lon Source (LMIS), which consists of a liquid metal (typically gallium) and an incredible
fine needle tip emitter.!® The suppressor applies a negative voltage relative to the LMIS tip,
this forces any neutral Ga atoms or low energy electrons emitted back to the tip, ensuring that
only a steady beam of Ga* ions are released to the extractor. The suppressor also helps to

converge the Ga* ions, preventing any premature divergence and initially focuses the beam.
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The extractor creates a strong electric field between the LMIS tip and the extractor, by applying
positive voltage relative to the tip through a specifically designed electrode. This electric field
ionises Ga atoms at the LMIS tip surface, the positively charged field then accelerates the Ga*

ions towards the extractor.

Similar to an SEM electrostatic lenses, apertures and deflector/scanning coils are also found in
the FIB column. The first electrostatic lens is located nearer the LMIS source and extractor, this
lens converges the ions into a finely focussed beam. The apertures are located after the
condenser lens and only permits the central higher intensity ions to pass through, thereby
controlling the beam spot size and controlling the overall beam current. The deflector uses
electric fields to manipulate the Ga™ ion beam, which provides the ability for the raster scanning
of the beam across the sample surface. The final electrostatic lens is the objective lens which is
the final focussing lens, positioned closer to the sample it allows for the Ga™ ion beam to be

finely focussed onto the target region of the sample.%®
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Figure 2.6:a) Schematic showing the workings of a FIB system, b) Diagram demonstrating the interaction between incident

ions and sample surface atoms.*%
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The different interactions between the sample surface atoms and Ga* ion beam enable different
functions of FIB, demonstrated in figure 2.6b). Imaging primarily occurs when the Ga* ions are
incident on the sample surface they cause the ionisation of atoms.'% The ejection of a secondary
ion from the surface can also release a secondary electron, similar to SEM this secondary
electron is collected by a detector and used to for a high-resolution image; images formed this
way using FIB have very high depth of field resolution. FIB can also be used for precision
sectioning, this is achieved through a process known as milling. Milling is achieved by
increasing the Ga* ion beam energy and current to precisely sputter (eject) specific surface
material. The removal of surface atoms can allow specific patterns to created, enabling the
formation of specific microstructures; this technique is extensively used in this thesis to prepare

microcantilevers for mechanical testing.

2.4.3 X-ray Computed Tomography

X-ray computed tomography (XCT) is powerful technique which enables non-destructive
imaging of complex systems and can create a three-dimensional reconstruction of the internal
structure of the material. X-rays enable high spatial resolutions ranging from 10 nm - 10 pm,
making XCT an ideal method to image solid-state batteries with key mechanisms occurring at

the micron length scale and often at buried interfaces.*®’
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Figure 2.7: Schematic of an XCT system.1%’

An XCT system (figure 2.7) directs a collimated (and usually coherent) beam of X-rays, from
an X-ray source, through a sample mounted onto a rotating stage. The X-rays are high energy
photons that penetrate through the sample as it undergoes a controlled rotation, enabled by the
rotating stage. The transmitted X-rays are collected by a scintillator, where they are converted
into visible light. The visible light rays then pass through an optical magnifier, reflected off a
mirror where they are collected by a CMOS detector. The XCT process enables a two-
dimensional projection to be imaged; by rotating the sample through 180° it is possible for
multiple projection images to be collected at increasing incremental angles. Each projection

image reveals the X-ray intensity that transmitted through the sample at that specific angle.

The two-dimensional projection images provide virtual sections through the sample, these are
fed into a (Fourier-based) algorithm and used to reconstruct a tomogram. Based on the strength
of transmitted X-ray signal within each voxel (volumetric pixel), the tomogram provides a

three-dimensional representation of the reconstructed volume internal structure%8%’
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2.5 Electrochemical Techniques

2.5.1 Potentiostatic Electrochemical Impedance Spectroscopy

Impedance spectroscopy is an electrochemical investigate technique which can explore the
physical processes in an electrochemical system in a non-destructive manner. Potentiostatic
Electrochemical Impedance Spectroscopy (PEIS) combines Electrochemical Impedance
Spectroscopy (EIS) with Potentiostatic Control; which involves applying sinusoidal potentials
and measuring the current response over a range of frequencies (figure 2.8a). EIS measures the
impedance response of the system to the applied voltage perturbation. The resulting impedance
spectrum is able to resolve the contributions of resistance to their respective individual
components; a capacitive component (energy storage) and a resistive component (energy 10ss).
Impedance measurements are able to provide valuable insights into processes occurring at the
electrode/electrolyte interface (e.g. charge transfer resistance) and within the solid electrolyte
itself (e.g. ion migration limitations).!®*-2°! The Potentiostatic Control simply means that the
potential of the working electrode is held constant throughout the EIS measurement, and the

current response is measured.
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Figure 2.8: a) Relationship between applied voltage (blue curve) and current response (green curve) during an EIS experiment,
b) A Nyquist plot showing total impedance, Z, and phase shift, ¢.

Electrochemical systems can be modelled as a circuit; in all circuit components there is some
resistance, R, to electrical current flow. Using Ohm’s law (eqn 2.2), resistance can be defined
in terms of potential, E and current, I.

E = 1R (eqn 2.2)

However, this relationship only applies to an ideal resistor, in a DC (direct current) system,
most electrochemical systems contain circuit components that are much more complex.
Impedance is a measure of a circuit’s resistance to current that is not limited to the simplifying
properties of Ohmic resistance; therefore, EIS allows for the electrochemical characterisation
solid electrolyte interfaces beyond simple resistance.?’ Impedance is defined as the ratio
between potential and current for AC (alternating current) systems. Impedance is a complex
number defined by two parameters which incorporates both the total impedance (Z), and the
phase shift (). The phase shift is defined as the constant time shift between the periodic waves
of the applied potential and resultant current, shown in figure 2.8a). The total impedance is

defined as the ratio between the amplitude peaks of the applied potential waveform and the
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corresponding amplitude of the current response. Total impedance can also be expressed in

terms of real impedance, Z’ and imaginary impedance, Z (figure 2.8b)

For a given frequency, the applied potential can be represented as:
E, = E;sin(wt) (eqn 2.3)
Where E: is the potential at time t, Eo is the amplitude of the potential, and w is the radial
frequency. The current response can be similarly expressed:
I, = Iy sin(wt — f) (eqn 2.4)
Where It is the current at time t, lo is the amplitude of the current, and ¢ is the phase shift.
Total impedance, Z, is expressed below:

E,  Epsin(wt) sin(wt)
X_ Iy sin(wt — ) “°sin(wt — f)

Z = (eqn 2.5)

Using Euler’s relation, Z can be expressed as:

Z = Zyexp(if) = Zy(cosf +isinf) (eqn 2.6)
Impedance is represented on a Nyquist Plot by polar coordinates Z and ¢ for a complex plane,
where |Z| is the magnitude of the vector and ¢ is the angle between the vector and X axis.
Each point on a Nyquist Plot is the impedance at one specific frequency.?%? Total impedance

can also be expressed in terms of real impedance, Z’ and imaginary impedance, Z”.

A real circuit component will have both resistive and capacitive components, represented on a
Nyquist Plot (figure 2.9) by a semicircle, because both responses occur in parallel. For
comparison, a pure Ohmic resistor would give a flat line, i.e. no change in response with
frequency. The plot contains all contributions to impedance, within the measured frequency
range. The Nyquist plot can be resolved into semicircles corresponding to individual component

(resistive and capacitive) contributions, by using the angular frequency response was measured
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at as each one occurs on different timescales. The real (X-axis) intercept of the semicircles can
be used to calculate the resistances. PEIS is used in this thesis to determine the ionic

conductivity of the various solid electrolytes used.
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Figure 2.9: Nyquist plot showing resolved impedance semicircles for different components R1, R2, R3.

2.5.2 Galvanostatic Cycling

Galvanostatic cycling is a fundamental technique used to evaluate the electrochemical
performance of solid-state cells. Galvanostatic cell testing involves passing a constant current

(I) such that metal ions travel between the working electrode and counter electrode and
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measuring the potential (V) relative to the reference electrode, to observe how cell performance

and cycle-life changes over time.'%

Different set-ups that can be used for galvanostatic cell tests, with the two-electrode
configuration being the most common. A two-electrode configuration comprises a working
electrode (WE) and a counter electrode (CE); the counter electrode also serves to act as the
reference electrode (RE) during testing, see figure 2.10a). In all two-electrode cell testing
experiments constant current was initially driven from the CE to the WE; during this process
the WE is plated whilst the CE is simultaneously stripped. When the half-cycle flips, the current
flow reverses direction and plating/stripping of metal swaps to the opposite electrode.?*® By
applying a periodically alternating current it is possible to simulate charge and discharge
cycles.? Using Ohm’s law (eqn 2.2), any observed change in potential, provided applied
current through the cell is constant, can be interpreted as a change in the internal resistance (R)
within the cell. The resultant cell potential profiles can offer insight into any electrochemical
processes (specifically degradation that occurs during cell cycling) and is used to indicate the

cycle life of the cell.2%®

a) b)

Power Supply

Power Supply

WE CE/RE

Figure 2.10: Diagrams of a) two-electrode, b) three-electrode configurations used in galvanostatic cell testing.
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Throughout the research in this thesis symmetric cells were used in all electrochemical testing.
A three-electrode configuration (figure 2.10b) was also used throughout this thesis; primarily
for critical current density (CCD) measurements, carried out by galvanostatic rate-test
experiments.?%® A three-electrode configuration involves a WE and CE as before, but with the
addition of a third separate reference electrode (RE), which is also attached to the electrolyte,
on the same side as the CE.'®® During two-electrode cycling the voltage response is recorded
across both electrodes, therefore polarisation changes are difficult to isolate to one interface.
As with the two-electrode configuration, the applied constant current flows between the WE
and CE; with the key difference being the potential is measured between the WE and separate
RE. There is no current flow between WE and RE, therefore no plating/stripping occurring at
the RE. As a result, its interfacial composition/contact will not change and the RE potential is
constant; this effectively allows any observed changes in potential to be isolated to the
electrochemical effects occurring at one interface. As the potential response for three-electrode
cycling is isolated to one interface, plating occurs as capacity increases (metal flux towards
interface), and stripping occurs as capacity decreases (metal flux away). This three-electrode
cycling data produces a profile of potential versus capacity for the cell, which can be used to
draw conclusions about the electrochemical and mechanical changes at the electrode/solid

electrolyte interface.

2.6 Mechanical Testing

There have been very few studies or reviews investigating the physical mechanisms and
mechanics of batteries principally due to their highly air-sensitive nature, therefore the
mechanical properties of the individual components remain relatively unknown.?%’ In this thesis
novel investigation techniques based on traditional testing methods are used to help characterise
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various battery materials and for the first reveal insights into the failure mechanisms of the

solid-state battery.
2.6.1 Four-Point Beam Bending

Macroscale mechanical testing involves evaluating the mechanical properties of materials at a
scale visible to the naked eye, typical sample volumes tested are on the scale of 10s mm?, It is
particularly important to consider the mechanical properties of the SE material on the
macroscale and these types tests are also key for understanding material behaviour under
various loading conditions. Testing larger volumes of material may reveal changes in the
mechanical properties that might not be seen at the nano/microscale, such as lower fracture
stress caused by an increased number of defects/impurities (generated due to poor processing

methods) included by the greater sampling volume.

One common macroscale mechanical test is the four-point bend test, it can be used to determine
the flexural strength and elasticity modulus of a material. Four-point bending is a widely used
mechanical testing technique, used to investigate the mechanical properties of a material under
flexion. A four-point bend test involves a beam that is supported from below by two fixed
supports and subjected to an applied load from above by two inner points, and the flexural
response is recorded,; it is often used to examine brittle ceramic materials susceptible to shear
failure. Ceramics traditionally have excellent compressive strength but can suffer brittle
fracture due to shear stress, four-point bending specifically probes this mechanical response.
Given the use of inorganic ceramic solid electrolytes in this thesis that are inherently brittle in
nature?®®, and their failure mechanism of cracking; four-point bending is a technique that should
yield relevant characterisation of the fracture properties of solid electrolytes. Using a four-point

bend test will subject a larger area to maximum stress and therefore, will expose a greater
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number and more accurate severity of flaws that which directly affects the flexural strength of

the sample.?%

The test specimens were all prismatic beam-shaped samples made by cold-pressing (section
2.2.1) the material or composite under investigation in a specific beam-shaped die. Figure
2.11a) shows a diagram representing the principle of a four-point bend test, with the actual

setup used for testing shown by the figure 2.11b).

a) P P

lo
&

Figure 2.11: a) Diagram to show the principle of a four-point bend test, b) Actual four-point jig used for testing.

Two lower fixed support points (purple circles), are placed at a support span of | apart. The
beam specimen is positioned on top of these supports, ensuring the prismatic rectangular cross

section is constant across the support span. Two loading points (yellow circles) are position

above the sample with a loading span of l/z between them, each one-quarter of the support

span (l/ 4) from their respective fixed support points. The loading and fixed support points are

typically metal rollers and referred to as top and bottom rollers respectively.

Flexion is applied to the beam by the top and bottom rollers being brought together at a constant
displacement rate and the resultant load experienced by the beam recorded. Beam bending

theory can relate the applied load (P), bending moment (M), shear force (V), deflection (o), to
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the material properties of the beam. In this thesis the flexural stress applied was of interest, to
determine the fracture stress at the point of failure. Failure in a beam bend test of the brittle
ceramic solid electrolytes will be caused by fracture due to a crack initiating at the largest flaw
present on surface, revealing the stress required for fracture to initiate. To calculate the stress
distribution within the beam using equation 2.7; the bending moment (M) and beam geometry

must known.
M
o= Ty (eqn 2.7)

Where

o is the beam stress

- M is the bending moment acting on the loading span region, between the two loading

points. The bending moment for the four-point bend test set-up (figure 2.11a) is defined
as applied load (g) times the length (ﬁ).
-y is distance between the neutral axis of the beam to the point where stress is being

calculated, for the rectangular cross-section y is simple half the beam thickness (g).

3
I is the moment of inertia of the beam. For a rectangular prism, I is defined as %.

The four-point bend jig used had rollers positioned in the same ratio as specified in figure
2.11a), therefore the fracture stress of the test specimen could be expressed from the highest
recorded load (taken to be the fracture load, P) and the known dimensions of the beam sample,

using the following equation 2.8:

Where
- P isthe fracture load.

- Lis the distance between the outer rollers.
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- b is the width of the beam.

- d is the thickness of the beam.
In this thesis four-point bend tests were carried out on cold pressed electrolytes and the above
laid out method was used to calculate the flexural fractures stress for each material, also known
as flexural strength, to approximate the stress required for a crack to initiate in the as-

manufactured solid electrolyte.

2.6.2 Nanoindentation

For a long time, indentation testing has been a fundamental materials science technigque used to
provide valuable insights into the physical and mechanical properties of materials.?'
Indentation methods such as Brinell, Rockwell, and Vickers hardness tests were developed to
assess the macro-scale mechanical properties of bulk materials. Traditional indentation
hardness measurements consist of an applied single static load with a quantified tip geometry
and material, and a corresponding hold time. The resulting hardness impression is imaged and
measured, typically with dimensions on the order of millimetres. Following multiple
indentation tests a single indentation hardness value is calculated to represent a measure of the
relative indentation tip sample penetration depth.?!® These methods are very effective for
characterisation on the macro-scale, demand for testing methods with higher precision and

micro/nano-scale measurements propelled the birth of nanoindentation.

Nanoindentation is a useful and commonplace tool used to evaluate the mechanical properties
of small volumes of material®*!, enabling the mechanical properties of materials to be probed
at the nanoscale and without the need for supplementary imaging. It can be used to characterise

elastic modulus, hardness, and fracture toughness, amongst other mechanical properties such
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as: adhesion, friction, creep, plastic deformation etc. Nanoindentation follows the operating
principle used by that of other indentation testing setups; a hard and sharp indenter tip (also
known as a probe) that is typically made of diamond and has well-defined symmetric three-
sided pyramidal geometry (much sharper than traditional indentation tips); is driven into the
surface of the material under a controlled applied load, inducing both elastic and plastic

deformation.

The example sequence of a nanoindentation test is depicted by figure 2.12d). Both the vertical
displacement and applied load of the tip continuously measured during the indentation test.
Through analysis of the load-displacement data it is possible to calculate various mechanical
properties of the material.?** This can be done either from discrete events or from a continuous
measurement. As well as nanoscale resolution for mechanical properties characterisation,
nanoindentation has several other key advantages such as versatility, it can be applied to a wide
range of materials including metals, ceramics, polymers and biological samples, with minimal
sample preparation, making it suitable for testing of small or delicate samples.?'? More recently
the development of in-situ imaging combined with nanoindentation allows for characterisation
of other mechanical properties such as fracture toughness, fracture strength; as well as enabling
studies of materials under various environmental conditions.?!®* These qualities of
nanoindentation testing make it possible to conduct mechanical characterisation of air-sensitive
samples, under vacuum conditions, enabling the possibility to mechanically test fragile, highly

reactive, battery materials.

26.21 Quasi-Static (Discrete) Loading/Measurement

Quasi-static measurements are the standard technique for nanoindentation tests, typically
multiple indentations are carried out at specified locations across the sample surface; when

combined with in-situ testing it allows for specific areas of the material to be probed. Carrying
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out multiple indentation tests at discrete points enables mapping of material properties, meaning
it is possible to create characterisation maps of properties such as elastic modulus and hardness
to investigate any changes in mechanical properties across the sample, particularly useful for
heterogenous materials or composites.?** Multiple indents provide a more statically significant
dataset, producing both a more accurate assessment and reliable results of the material’s
properties. Fatigue analysis is another very useful technique that is carried out through repeated
indentations at the same position on the sample, this can provide valuable insight to the life
cycle of a material as it undergoes cyclic stresses throughout its operation.?*® Quasi-static
nanoindentation is a load-controlled process, where a transducer applies, holds and removes a
load, depicted by the curve in figure 2.12a). The tip displacement is continuously measured
throughout the test and used to produce a load-displacement curve like the one depicted in
figure 2.12Db). In this thesis the Oliver and Pharr method is used to resolve the modulus and
hardness of the investigated material, following nanoindentation with a tip of three-sided

pyramid geometry.?16
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Figure 2.12: a) Typical load-time curve of quasi-static nanoindentation, showing the different load, hold and unload
segments,?'” b) Typical load-displacement curve of quasi-static nanoindentation, showing what portions of the curve the
different load, hold and unload segments correspond to,?*” ¢) Diagram to show the physical representation of the parameters
used in the properties calculation process,?’ d) Schematic depicting an example of physical movement of the indenter tip
during an indentation test, highlighting the elastic and plastic response, €) Typical load-displacement curve of CSM

nanoindentation, highlighting the superimposed oscillating load (black curve).

The method of nanoindentation testing and analysis most widely in use today was published by
Oliver and Pharr in 1992; establishing a method by which both hardness and elastic modulus
could be calculated from the load-displacement data without the need for imaging the indent
itself.?'® There are several key steps to the Oliver and Pharr method:
- Load-displacement curve acquisition. Achieved through a controlled and recorded
nanoindentation test of the sample.
- Maximum load and depth. This data is also recorded from the nanoindentation test.
- Contact depth calculation. The contact depth (hc) is determined by analysing the
unloading portion of the load-displacement curve, it is the difference between the

displacement (h) and the final displacement (hs).
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- Projected contact area calculation. The projected contact area (A) between the
indenter and the material is calculated using the contact depth (hc) and the area function
of the indenter tip (eqn 2.10).

- Hardness calculation. Hardness (H) is calculated as the maximum load (Pmax) divided
by the projected contact area (A) (egn 2.11).

- Reduced modulus calculation. The reduced modulus (Er) is calculated using the
unloading stiffness (S), a geometric constcomant (f) and the contact area (A) (eqn 2.12).

- Elastic Modulus Calculation: The material elastic modulus (E) is determined by
considering the relationship between the reduced modulus (Er) and the indenter tip (Ei)

(eqn 2.13).216

The Oliver and Pharr method assumes the recovery during unloading is only elastic deformation
and there are no plastic deformation effects. Therefore, by using the gradient of the initial
segment of the unload curve the unloading stiffness could be experimentally measured for the
peak indentation load. Then using the depth calculated projected contact area, combined with
measured load and stiffness, both elastic modulus and hardness could be calculated. The
validity of this method depends on a precisely determined projected contact area, factors such
as pile-up or sink could severely affect the accuracy of measured material property. Driven by
advancements in the understanding of original model’s limitations, in 2002 Oliver and Pharr
published an improvement to this method of nanoindentation, also published with better
empirical constants.?*® In this improved method the unload curve is initially fitted as a power
law curve using equation 2.9:

P = a(h—hs)™ (eqn 2.9)
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Where P is load, h is displacement, ht is final displacement after unloading, « and m are power
law fitting constants. Figure 2.12c) shows the surface geometry at maximum indentation

loading and after unloading and highlights the parameters of the appropriate contact geometry.

The contact area (A) of the indenter must be known in order to calculate the mechanical
properties of the material. For a Berkovich tip, the contact area (A) can be calculated for a
known indentation depth by the following geometrical relationship, equation 2.10:8

A = 3V/3h.2sin?¢ = (for Berkovich) 24.56h.* (eqn 2.10)
Whereby, hc is defined as the contact depth between the specimen surface and indenter surface
(figure 2.12c) and ¢ is the angle of the indenter face. For a Berkovich tip ¢ is specified to be

65.270.218

The indentation hardness (H) of a material can be determined from the load-displacement curve

using the following relationship, equation 2.11:218

Pmax

H =
A

(eqn 2.11)

Whereby, Pmax is defined as the maximum applied load and A is the contact area between the
tip and the material surface. For modulus and hardness measurements made throughout this

thesis a Berkovich tip, which is of three-sided pyramid geometry, was used.

The elastic modulus (E) can be of a material can be determined from the load-displacement
curve using the relationship between the measured unloading stiffness (S) and the contact area
(A) set out in the following equation 2.12:%18

2

\/EEr\/Z (eqn 2.12)

S=5
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The elastic unloading stiffness, S (also known as contact stiffness), is the key parameter in

calculating elastic modulus. It is defined as the gradient of the from the initial portion of the

unloading curve (i—i), demonstrated by the red dashed line in figure 2.12b), and can be

calculated by taking the derivative of the power law curve fitting above (equation 2.9). B is a
numerical constant that is typically unity. E, is the reduced elastic modulus, which is

represented by the following relationship, equation 2.13:218

1_1—v2+1—vi 213
E- E, (eqn 2.13)

Despite the diamond indenter tip being very hard, some elastic displacement may occur in the
indenter. The reduced elastic modulus (E,.) effectively takes any indenter elastic displacement
into account and allows the material elastic modulus (E) to be resolved using equation 2.13.
Whereby, v is the Poisson’s ratio of the tested material and the known indenter properties are

represented by Ei and vi, the indenter modulus and Poisson’s ratio respectively.

In this thesis indents were performed in several distinct locations within each sample, using a
varying range of applied loads (1 — 400 mN), this ensured that inherent material properties of
the sample were measured, and statistical error due to limitations in surface preparation was
reduced. To calculate the unload stiffness the unload segment of the load-displacement curve
was initially fit to a power law curve. The gradient was calculated from the upper most points
of the fitted power law curve and was taken to be the unload stiffness. The upper portion of the
unloading curve is used as this typically represents the linear elastic response of the material.?'®
Modulus and hardness results for each test were then calculated using the equations above. All
the measured modulus results from a tested sample were then fitted to a normal distribution
curve, the mode of this normal distribution was taken (this returns the most expected result and

avoids skew from anomalous outliers) as the modulus value for the tested material. The
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expected margin of error on the modulus value was calculated using the normal distribution
fitting parameters to provide upper and lower bounds for a 95% confidence interval (calculated
using a t-distribution of the input data). The hardness value of the material (and expected margin
of error) was calculated using this same normal distribution fitting procedure with the measured

harness results from all the indentation tests carried out on the sample.

2.6.2.2 Continuous Stiffness Measurement

The traditional technique of nanoindentation, as demonstrated by the Oliver and Pharr method,
primarily focuses utilising the upper portion of the unloading section from the load-
displacement curve, to extract the mechanical properties of the material. However, during the
entire indentation test, valuable information and data can be collected from both the loading
and unloading processes. A recent development in nanoindentation techniques is Continuous
Stiffness Measurement (CSM), which enables the collection of this valuable information by

continuously monitoring the material stiffness throughout the indentation test.

As described in the previous section hardness and elastic modulus can be calculated if the
stiffness is known. Through continuous stiffness measurement (CSM), hardness and elastic
modulus can be calculated at each point along the load-displacement curve, which allows for
continuous profile of mechanical properties as a function of depth.?*° To carry out CSM a small
load, oscillating sinusoidally, is applied to the primary load signal. An example load-
displacement curve of a CSM test is depicted in figure 2.12¢). During a CSM nanoindentation
test, as the continuously increasing load is applied to the tip (red curve), a small oscillating load
is superimposed on top of the tip (black oscillating curve, superimposed on red curve). The
phase and amplitude of the displacement generated by the oscillation is measured at the same

frequency. The ratio between displacement amplitude and load amplitude can be used to
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calculate the stiffness of any given data point; as with quasi-static tests, the displacement of tip
into the material surface is continuously measured. As shown in figure 2.12e), the oscillating
load creates a profile with numerous mini unload curves at constant intervals during the overall
loading segment. Using equation 2.12, stiffness measurements can be calculated for all the mini
unload curves, thereby providing a continuous stiffness profile of the material across the whole

load-displacement curve.

Using the Oliver and Pharr method to calculated projected contact area, for continuous
measurement of material mechanical properties is possible during the loading cycle for each
elastic contact.?16218-220 This enables modulus and hardness to be calculated as a function of
indentation depth, revealing any variations of material mechanical properties with depth of the
material. CSM has several advantages with advanced material characterisation the main one, a
continuous stiffness profile can provide insights into material microstructure, phase transitions
and other material mechanical properties. Other advantages include early detection of plastic
deformation, identification of pop-in events, and investigation into strain rate effects.??! Due to
instrument capability limitation, CSM nanoindentation tests in thesis were performed up to a

maximum load of 8 mN.

2.6.3 Fracture Toughness by Nanoindentation

Traditionally fracture toughness is often calculated using an initial controlled flaw, however it
is possible to calculate fracture toughness by means of inducing controlled cracking through
nanoindentation. Indentation is a commonly used technique to investigate the fracture

toughness of a material, one such method is a Vickers indentation test,??? however, traditional
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Vickers indentation typically requires large samples and the testing set-up itself is relatively

large and therefore not able to be performed under airless conditions.

Nanoindentation fracture toughness testing is a technique used to measure the ability of a
material to resist crack propagation, and can be performed by our novel testing system. By
driving the indenter tip into the surface of the material, the surface undergoes plastic
deformation leaving a residual indent (figure 2.12d). When brittle materials are indented by a
sharp indenter, the radial cracks are observed to emanate from the corners of the residual indent.
By measurement of the radial crack lengths, in combination with the known applied load and
other known material mechanical properties, the fracture toughness of the material can be

calculated. There are several key steps involved in this testing technique:

Indentation. A sharp indenter, typically made of diamond, is pressed into the surface

of a material under a controlled applied load.

- Initiation of a crack. Through specific loading conditions (especially in brittle
materials), radial cracks can initiate from the corners of the residual indentation
impression.

- Measurement of the crack length: High-resolution microscopy techniques, such as
scanning electron microscopy (SEM), are used to measure the length of the generated
cracks.

- Calculation of fracture toughness. Using the measured crack length combined with

the applied load and known indenter geometry, fracture toughness can be calculated

using empirical relationships.?2-2?

Nanoindentation with a cube corner tip can be performed on smaller samples, under airless

conditions using the same principles as traditional indentation fracture toughness. Using a
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quasi-static nanoindentation test (section 2.6.2.1) the tip is driven into the sample surface and
the resultant radial cracks emanating from the residual indent are measured. A cube corner tip
is used as it has a smaller indenter face angle (¢), 35.26°, than a Berkovich tip and therefore is
a much sharper tip.??® The sharper cube corner tip allows the indenter to probe a greater
displacement for an applied load, this results in a greater displaced volume of material for the
same contact area. This increases the likelihood of fracture of the material and induces radial

cracks.

A simple relationship derived by Lawn, Evans and Marshall between the radial crack lengths

and applied load was used to calculate the fracture toughness of each indent, equation 2.14:2%®

E\Y?, P
ch =a (ﬁ) (m) (eqn 214)

Where

E is the elastic modulus.

- His the hardness.

- P isthe applied load.

- c is the total radial crack length (figure 2.13).

- a is a geometric constant, for a cube corner tip this is determined to be 0.038.226:228
The Lawn, Evans and Marshall equation assumes a near-half-penny subsurface crack geometry
and is only valid if radial cracking is the primary method of fracture, indents with other fracture
mechanisms e.g. chipping, were not used in fracture toughness analysis; however images of
these indents were used in qualitative analysis to compare fracture mechanisms and properties
of tested materials.??® Multiple indents were performed on the sample surface, in several distinct
regions and over a range of applied loads, to produce as many indents with radial cracking as
possible. To further increase the likelihood of inducing radial cracks, higher applied loads were
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used (100-400 mN). Post nanoindentation testing, SEM was used to image each indentation
site. For those indents that displayed primarily radial cracking, each indent diagonal and each
resultant radial crack was measured. These measurements were then used to calculate the
average total radial crack length for each indent (see figure 2.13), which in turn was used to
calculate a fracture toughness result for that indent according to Lawn, Evans and Marshall

relation (equation 2.14).

Figure 2.13: Diagram of a residual cube corner indent, the dashed black lines represent the indent diagonals, the emanating

solid black lines represent the radial crack, the total radial crack length (c) is the combination of both lengths.

The Lawn, Evans and Marshall relationship was originally developed when using Vickers
indentation tests where the loads are of the order 1 N if not higher and are easily high enough
to generate radial cracks. To overcome this issue with the typically significantly lower loads
use in nanoindentation, a different tip shape is often used. As mentioned a cube-corner tip has
three-sided pyramidal geometry, like the commonly used Berkovich, but is much sharper and
with a higher aspect ratio. The use of the cube-corner indenter allows the load threshold for
cracking to be reduced by 1-2 orders of magnitude.??® The constant o needs to then be adjusted

when using a cube-corner tip and takes a value between 0.032-0.040 for a brittle material . %*°

All the measured fracture toughness results from a tested sample were then fitted to a normal

distribution curve, the mode of this distribution was taken as the expected fracture toughness
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values modulus value for the tested material. The expected margin of error on the fracture
toughness value was calculated using the normal distribution fitting parameters to provide

upper and lower bounds for a 90% confidence interval.

2.6.4 Microcantilevers

2.6.4.1  Overview

Microcantilever testing typically involves the use of microscale, flexible beams to measure
forces or detect changes in surface properties.?®12%2 Microcantilevers are typically
manufactured using microfabrication techniques such as focused ion beam (FIB) milling. The
use of microcantilevers for mechanical testing was first demonstrated over 30 years ago by
Johansson et al. with the mechanical deflection of silicon microcantilevers and by Weihs et al.
for testing Au and SiOz thin films.2332% The procedure involved preparing a very small beam
(microcantilever) that was fixed at one end and free standing at the other. These
microcantilevers were then mechanically deflected at the free-standing end using a
nanoindenter and the load-displacement data was recorded. Using simple beam theory, it is
possible to calculate the stress-strain relationship of the material. The deflection procedure and
technique has remained the same, however the microcantilevers are now manufactured using
FIB milling. As such it is now preferential to use pentagonal microcantilevers for ease of FIB
preparation as described by Di Maio and Roberts.?® Using microcantilevers allows for specific
areas/features of the material to be selected from the bulk and mechanically tested.?*® Figure
2.14 shows an example of a pentagonal microcantilever and how beam bending may be

achieved by using a nanoindenter to apply the force.
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Figure 2.14: Image of a pentagonal microcantilever before testing.?¥’

2.6.4.2 Preparation

Microcantilevers are an instrumental feature of various scientific investigative techniques,
typically a microcantilever is a microscopic beam with one fixed end. There are several
different methods by which they can be manufactured, in this thesis focused ion beam (FIB)
milling was used to directly mill the cantilever shape onto the material. For all microcantilever
bending experiments, prismatic pentagonal cantilevers with an upper rectangular cross-section
were produced, example geometry is shown in figure 2.15. Each cantilever was prepared using
the following FIB procedure:

- A high ion beam current of 16 nA was used to mill a U-shaped trench, creating a
cantilever large than the desired dimensions (I and w) and a surrounding trench
sufficiently wide and deep to permit bending of the cantilever.

- Alower ion beam current of 2 nA was used to cut the cantilever precisely to the desired
dimensions (I and w), using a U-shaped trench.

- The sample was then tilted such that the FIB beam would be incident on the sample
surface at 45°, a rectangular trench was milled to create an undercut at the desired depth,

creating a rectangular cross-section of height, b.
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- The sample was then rotated 180°, and another rectangular trench milled at the desired
depth (b), producing the complementary 45° undercut to form a pentagonal
microcantilever with geometry specified by figure 2.15, where y is the distance to the

neutral plane of the cantilever.

Figure 2.15: A diagram showing the example geometry of a pentagonal micro cantilever.

2.6.4.3 Microcantilever Bending

The milled microcantilevers were then subject to bending tests, a nanoindenter with a cube
corner tip was used to perform displacement controlled tests. Two different types of testing
were performed on the manufactured micro cantilevers: fracture strength and fatigue. The local
fracture strength of a material was investigated using single bend tests on multiple cantilevers;
a constantly increasing displacement (rate of 2 nm per second) was applied to the cantilever to
induce fracture and mechanical failure, with the necessary applied load continuously measured.
The fracture stress results from each cantilever was calculated using equation 2.15, then the
mean of all the results was taken to be the value of local fracture strength of the tested solid
electrolyte material; the standard deviation was taken to represent the expected error in each

fracture strength value.
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In fatigue testing the cantilever was subject to cyclic loading, in which the displacement was
repeatedly increased and decreased with an R-ratio of 0.5, whilst the necessary applied load
was continuously measured. This cycling was repeated until either failure had occurred by
fracture, or 1000 cycles had passed without any significant change in the applied load. The
fracture point was identified by a significant decrease in measured stiffness of the cantilever,
the stiffness was calculated from the measured load-displacement data, specifically upper
portion of the unload cycle using the method set out in 2.6.2.1. The measured load and known
dimensions of the cantilever were used to calculate the stress on each cantilever using the

relationship for stress laid out below.

A relationship for the stress (o) of a pentagonal microcantilever is given by the following
equation, 2.15.2%8

PL.y
I

(eqn 2.15)

Where
- P isthe applied load.
- L. is the length between the fixed end and position of the indenter tip.
-y is the vertical distance between the upper surface and neutral plane (figure 2.15, red

line).

1 is the second moment of area.
The vertical distance between the upper surface and neutral plane (y) for a pentagonal cantilever
is determined using equation 2.16.%%

_6b2 + 3bh + h?
Y =T 12b+3h

(eqn 2.16)

The second moment of area (1) for a pentagonal cantilever is determined using equation 2.17.2%
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h wh
+ <§ +b— y) - (eqn 2.17)

I_Wb3+< b)b +Wh
~ 12 T\ T2)PW T3

SEM images were taken of the cantilever before, during and after testing, and used to measure

the actual dimensions of each microcantilever.
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3. Mechanical Characterisation of

Cold Pressed Solid Electrolyte

3.1 Aim

The success of the ASSB battery is determined by its electrochemical properties which in turn
are linked to its mechanical properties. This chapter experimentally characterises the
mechanical properties of highly air-sensitive solid electrolytes and suggests how through
specific design considerations, better mechanical properties might be achieved; therefore

improving the electrochemical properties of the solid electrolyte.

3.2 Introduction

Choosing a solid electrolyte for use in an ASSB thus far has been purely driven by
electrochemical performance; this is partly because it is an important characteristic but also
because, due to their highly air-sensitive nature, there is very little experimentally measured
mechanical properties of solid electrolytes. As a result, there is very little research or agreement
in how important the mechanical properties are on the failure mechanisms of ASSBs.
Investigating and characterising the mechanical properties of these solid electrolytes will better
inform material selection when choosing the best performing solid electrolyte. To achieve this
novel testing methods were designed which enabled investigation and experimentation to be
conducted without any air exposure and without the need for other buffering materials, e.g.
submersed in oil. This allowed for the true, experimentally measured, mechanical properties of

air-sensitive solid electrolytes to be reported.
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Three different classes of solid electrolytes were investigated to compare their mechanical
properties. All the solid electrolytes initially started as powders and were formed into solid
discs by cold pressing. Cold pressing is a popular way to prepare solid electrolyte discs from
their starting powders because it is easy and cheap method of manufacture that can be easily
scaled up.>?% Another factor is that many of the highly air-sensitive solid electrolytes
investigated also chemically degrade at high temperatures (e.g. above 550 °C for LPSCI),?*!
therefore high temperature sintering was not possible. The characterisation of the mechanical
properties, combined with knowledge of their electrochemical properties will inform material

selection when choosing the best solid electrolyte.

This chapter investigates how the mechanical properties of solid electrolytes are linked to their
electrochemical properties, specifically their failure; it has long been thought these are linked
but not previously experimentally determined. Electrochemical failures of the solid electrolyte
during cycling are often due to a short circuit caused by lithium dendrite penetration, which is
preceded by the fracture of the solid electrolyte. Mechanical testing was used to reproduce the
fracture seen during electrochemical cycling to investigate the mechanisms behind the observed
mechanical effects during failure. This led to an exploration into whether the fracture properties
of the solid electrolyte could be improved whilst still using cold pressing as a manufacturing

method.
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3.3 Experimental

3.3.1 Manufacture of powders for Cold Pressed Samples

All the samples tested were prepared with the help of Bingkun Hu. The starting materials for

all samples were prepared as follows:

LisPSsCl (LPSCI or Argyrodite) samples were made using LisPSsCl solid electrolyte
powder that was purchased from MSE Supplies.

LGPS samples were made using LiioGeP2Si2 solid electrolyte powder that was
purchased from MSE Supplies.

LSC samples were made from LisScCle solid electrolyte powder. The powder was made
by mixing LiCl and ScCls, purchased from Sigma-Aldrich, in a 3:1 molar ratio using
pestle and mortar. The mixture was then sintered, under vacuum (<107 mbar), for 12
hours at 650 °C with a heating/cooling rate of 2 °C min™. Post sintering the powder
mixture was ground, inside an Ar-filled glovebox, using pestle and mortar to achieve a
fine particle size (~1 pm).

B-LPS samples were made from LisPS4 solid electrolyte powder. The powder was made
by mixing Li2S and P2Ss, purchased from Sigma-Aldrich, in a 3:1 molar ratio using
planetary ball milling at 550 rpm for 7 hours. Inside an Ar-filled glovebox, the mixed
powders were pressed into discs under 400 MPa, then heated at 400 °C for 15 min (with
a heating rate of 10 °C min't), followed by quenching in the glovebox atmosphere. Post
sintering the discs were ground using pestle and mortar to achieve a fine particle size
(~1 pm).

LAC samples were made from LiAICl4 solid electrolyte powder. The powder was made

by mixing LiCl and AICIs, purchased from Sigma-Aldrich, in a 1:1 molar ratio using
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pestle and mortar. The powder mixture was then ground by mechanical ball milling for
24 hours, inside an Ar-filled glovebox, to achieve a fine particle size (~1 pm).2%?

- LIC samples were made from LisInCles solid electrolyte powder. The powder was made
by mixing LiCl and ScCls, purchased from Sigma-Aldrich, in a 3:1 molar ratio using
pestle and mortar. The mixture was then sintered, under vacuum (<10 mbar), for 5
hours at 260 °C with a heating/cooling rate of 2 °C min™*. Post sintering the powder
mixture was ground, inside an Ar-filled glovebox, using mechanical ball milling to

achieve a fine particle size (~1 pm).24324

3.3.2 Pressing of Cold Pressed samples

All preparation and pressing procedures were performed inside an Ar-filled glovebox (O2 and
H20 levels < 1 ppm). To prepare the monolithic samples for indentation testing, 40 mg of each
respective solid electrolyte powder (LisPSsCl, LGPS, B-LPS, LAC, LIC, LSC), was loaded into
a stainless-steel die set, 5 mm in diameter, and pressed into a disc under a uniaxial pressure of

400 MPa.

To prepare the monolithic beam samples for 4-point bend testing, 40 mg of each respective
solid electrolyte powder (LisPSsCl, LGPS, B-LPS, LSC), was loaded into a custom designed
beam shaped stainless-steel die set, with a rectangular testing cross-section of dimensions 11 x

2 mm, and pressed into a beam under a uniaxial pressure of 400 MPa.

To prepare the bi-layer beam samples for 4-point bend testing, a 30 mg base layer of each
respective solid electrolyte powder (LGPS, B-LPS, LSC), was loaded into a custom designed

beam shaped stainless-steel die set, with a rectangular testing cross-section of dimensions 11 x

89|Page



2 mm, and pressed by hand (low compaction pressure). Then 10 mg of LisPSsCl was loaded
into the die set on top of the base layer, and then pressed into a bi-layer beam under a uniaxial
pressure of 400 MPa. The specific 1:3 loading ratio was used to ensure that the interface
between the two solid electrolytes was away from the neutral axis of the beam and tested under

compression, in the top half of the beam sample.

To prepare the 3-layer beam samples for 4-point bend testing, a 13.3 mg base layer of LisPSsCl,
was loaded into a custom designed beam shaped stainless-steel die set, with a rectangular testing
cross-section of dimensions 11 x 2 mm, and pressed by hand (low compaction pressure). Then
13.3 mg inner layer of LGPS was loaded into the die set on top of the base layer, and pressed
by hand. A 13.3 mg top layer of LisPSsCl was loaded into the die set, and all three layers then

pressed into a tri-layer beam under a uniaxial pressure of 400 MPa.

To prepare the 5-layer beam samples for 4-point bend testing, a 10 mg base layer of LisPSsCl,
was loaded into a custom designed beam shaped stainless-steel die set, with a rectangular testing
cross-section of dimensions 11 x 2 mm, and pressed by hand (low compaction pressure). A 10
mg inner layer of LGPS was then loaded into the die set on top of the base layer, and pressed
by hand. Followed by a 10 mg inner layer of LisPSsCl, loaded into the die, and pressed by hand.
Followed by another 10 mg inner layer of LGPS, loaded into the die, and pressed by hand.
Finally, a 10 mg top layer of LisPSsCl was loaded into the die set, and all five layers then

pressed into a pent-layer beam under a uniaxial pressure of 400 MPa.
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3.3.3 Preparation of Cold Pressed Samples for Indentation

All the cold pressed monolithic samples were prepared using the following method. All the
different samples were approximately disc-shaped measuring approximately 5 mm in diameter
and approximately 1 mm in thickness. The samples were kept inside an Ar-filled glovebox (O2
and H20 concentrations < 1 ppm), samples were polished using 2500 and 4000 grit SiC paper.
When typically preparing a flat surface for nanoindentation testing there are several other
subsequent steps that follow to achieve a completely smooth surface,?*® however, due to the
air-sensitive and moisture-sensitive nature of the samples none of these further polishing steps
were possible. Each sample was then mounted onto a custom aluminium pin stub 6 mm in
diameter, with a pin length of 3.5 mm. An electrically conductive two-part silver epoxy was
used to affix the sample to the pin stub. As the temperature of the glovebox was usually around
15 °C, the epoxy was left to cure for at least 12 hours. Each sample was then transferred to the
custom glovebox, SEM and indenter set up, where the SEM opens up directly into the glovebox
enabling airless transfer. In this glovebox a final polishing step, again with 4000 SiC grit paper
(approx. 3-5 um) was performed, to achieve the best surface finish possible. After this final

polishing step the sample surface was smooth and somewhat reflective to light.

3.3.4 Berkovich Nanoindentation of all Samples

Indentation was performed using a Bruker-Hysitron PI189 in situ nanoindenter; with the
nanoindenter mounted to the five-axis stage of the SEM. The indentation testing axis was
aligned at 80° to the electron beam, and all tests carried out under vacuum condition. Using the
Bruker-Hysitron PI189 in situ nanoindenter, indentation was performed using the highload
testing mode of the indenter. Indents were carried out in three distinct regions of the sample
with at least 80 pm spacing, using an electrically conductive diamond Berkovich
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instrumentation tip (Bruker-Hysitron). A fused silica reference sample was used to carry out
the machine compliance calibration and calculate the tip area function, using the Hysitron
software, according to the procedure by Oliver and Pharr.?'® The machine compliance was
measured to be 3.627 nm/mN. Before each indent, the thermal drift rate was measured when in
contact with the sample, over 40 s using a preload of 80 uN, and corrected for. Indentation tests
were carried out using the Hysitron load controlled open-loop mode, at least 50 single highload
indents were performed on each sample. The applied load was increased linearly over a 10 s
period, to the target loads between 10 to 400 mN. The indentation was then held at the target
load for 2 s before it was then unloaded linearly to 0 mN over a 10 s period. From the initial
gradient of the measured load-displacement unload curve the sample stiffness was calculated.
From the calculated stiffness the indentation modulus and hardness were obtained as discussed

in section 2.6.2.

3.3.5 Indentation Fracture Toughness

Fracture toughness indentation measurements were performed using a Bruker-Hysitron P189 in
situ nanoindenter, with an electrically conductive diamond cube corner instrumentation tip
(Bruker-Hysitron). The samples were prepared, polished, and mounted inside an Ar filled
glovebox, using the steps outlined in section 3.3.3. Indentation tests were carried out using the
Hysitron load controlled open-loop mode, at least 50 single highload indents were performed
on each sample. Before each indent, the thermal drift rate was measured when in contact with
the sample, over 40 s using a preload of 100 uN, and corrected for. The applied load was
increased linearly over a 10 s period, to the target loads of 100, 200 and 400 mN. The
indentation was then held at the target load for 2 s before it was then unloaded linearly to 0 mN

over a 10 s period. The cube corner tip was used instead of the Berkovich tip as it has a much
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smaller angle, 35.3° between the axis of symmetry and a face than for the Berkovich, 65.3°,
and thus is a much sharper tip. This means that for the same contact area, the cube corner tip
geometrically displaces 3 times more volume of material than a Berkovich tip, therefore the
applied loading threshold for cracking can be reduced substantially. The sharper cube corner
tip promotes radial cracking and as such the Lawn, Evans and Marshall (LEM) equation can be
used.?>228 Post indentation images of the indentation site were taken using the SEM; from these
images the indentation diagonal and the radial crack length were measured. Using the
dimensions of the indent, crack length and the applied load the fracture toughness was

calculated using the LEM equation.

3.3.6 Four-point bend tests of cantilevers

All four-point bend tests were carried out using a DEBEN Microtest dual leadscrew in situ
tensile stage, with 1 kN loadcell and a custom designed four-point bend jig, all inside an Ar-
filled glovebox. Each beam sample was placed onto the bottom outside rollers, 10 mm spacing,
of the four-point bend jig. The top inner rollers, 5 mm spacing, were then placed on top of the
beam sample completing the four-point bend jig set up. The jig was then placed in the DEBEN
Microtest stage, which was operated in compression, closing the jaws (1 mm min™®) until a 1
mN compressive force on the beam was measured. Then the compression was applied to the
four-point bend jig with a loading rate of 0.1 mm mint) until fracture of the beam occurred,

force-extensions readings were taken at a recording rate of 10 s™.

3.3.7 SEM

A TESCAN Mira-3 SEM was used to take magnified images of the fracture surfaces of the
beam samples post-fracture during the 4-point bend test. The SEM opened directly into Ar-
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filled glovebox which enabled airless transfer of the sample, discussed in further detail in

section 2.3.

3.4 Results and Discussion

3.4.1 Nanoindentation

Indentation was carried out in total across a range of loads from 10-400 mN, the highload testing
regime. For highload indentation single indents were performed and the stiffness (S) calculated
from the gradient of the initial linear upper portion of the unload curve as shown in Figure 2.12.
Analysis of the raw load-displacement data was carried out as described in section 2.6.2. Due
to the polishing limitations the sample surface was not completely flat, only measurements with
maximum displacement greater than 1000 nm were included in the results, more detail and

reasoning can be found in chapter 4, section 4.4.1.

As discussed in section 1.5 there has been no previous measurements of the mechanical
properties of these highly air-sensitive solid electrolytes. Six different cold pressed samples,
produced following the methods in sections 3.3.1 and 3.3.3, were tested using highload
Berkovich indentation, according to the procedure in section 3.3.4. The figures below show
both the modulus and hardness data for each respective solid electrolyte sample, calculated
using the method set out in previously in section 2.6.2. All curves in figure 3.1 show a general
horizontal trend for both modulus and hardness results that is invariant with depth; which
indicates a single value for the intrinsic material properties of modulus and hardness

respectively.
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Figure 3.1: Modulus-displacement and hardness-displacement values for a) LPSC/argyrodite (LisPSsCl), b) LGPS

(LioGeP2S12), ¢) f-LPS (LisPSa), d) LSC (LisScCle), ) LIC (LisInCls), f) LAC (LiAICla).
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To calculate the intrinsic value for the modulus of each respective material, all the individual
moduli results were fit to a log-normal distribution. From this distribution the mode of the data
was taken to be the true material property, as the expected value of the distribution. This process
was followed to calculate the modulus of each material, and then repeated with the hardness
results to find the intrinsic hardness value of each material. Figure 3.2 shows a summary
comparing both the intrinsic modulus and hardness values for each different density sample.
The error bars displayed on figure 3.2 represent a 95% confidence interval for the upper and
lower bounds for the range of each material property. Table 3.1 below compares the sample

relative density with its measured modulus and hardness.

a) Modulus of Cold Pressed Solid Electrolytes b) Hardness of Cold Pressed Solid Electrolytes
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Figure 3.2: Graph showing a summary of a) modulus, b) hardness values for different cold pressed solid electrolytes.

These results provide the first experimentally determined values for modulus and hardness for
these classes of air-sensitive solid electrolytes. These mechanical properties can be used to help
influence material selection decisions. Figure 3.2 shows that both the modulus and hardness of
the selected high ionic conductivity materials are all relatively low, indicating relatively poor
mechanical properties and strength. This is likely due to the method of manufacture, cold
pressing, as the green body formed will not be fully dense (typically 80-85% relative density)

as shown in table 3.1.
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Sample Relative Density  [Modulus (GPa) Hardness (MPa)
Li PS.Cl (LPSC) 83.8% 14.0 571
Li, GeP,S,, (LGPS) 83.2% 9.5 396
Li,ScCl, (LSC) 84.5% 8.6 331
Li,PS, (B-LPS) 84.1% 12.2 504
LiAICI, (LAC) 84% 8.6 371
Li,InCl, (LIC) 84% 10.8 579

Table 3.1: Table showing the relative density of each cold pressed sample and compared with the measured mechanical

properties of modulus and hardness.

There is evidence that better densified SEs have better mechanical properties and one way to
achieve higher densification is through sintering. For example, oxide SEs can withstand high
temperatures without any chemical degradation and as a result very high density (>95% relative
density) solid electrolytes can be produced; their measured (with air-exposure) mechanical

properties are displayed in table 3.2.

Oxide SE Material Relative Density [Modulus (GPa) [Hardness (GPa)
Li, Al ..La.Zr O (LLZO)** [99% 150 + 2.2 9.1+0,53

Li ;,La, . TiO, (LLTO)* 99% 200 + 3 9.5+ 0.63
Li Al ;Ti, (PO,), (LATP)*®  197% 115 7.1

Table 3.2: Table showing the mechanical properties of sintered oxide SEs with very high relative density.

The modulus can be used to identify how much a material will deform the least under an applied
stress that is less than the material yield stress. Glasses and other oxides have relatively high
moduli, as a result the particles do not deform large amounts under pressure and therefore, cold
pressing the material does not form well compacted green bodies, which has been shown to be
associated with lower ionic conductivities and easier dendrite penetration.”* Through sintering
higher relative densities can be achieved, and it appears that the oxide SEs have better
mechanical properties compared to their cold pressed counterparts and therefore should be a
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better choice SE. Work by Monroe and Newman initially suggested that if the shear modulus
of a solid electrolyte was two times greater than the shear modulus of Li, then lithium dendrite
formation could be avoided.®® However, recent work has shown that even with 99% dense
ceramic oxide electrolytes that failure due to short circuits still occurs.®¢11%24° For example, the
shear stress of Li is ~5 GPa, therefore the criterion to avoid dendritic failure should be >10
GPa.?® Lithium dendrite formation is still observed in LLZO, which has a predicted shear
modulus of ~60 GPa, again demonstrating that the dendrite formation mechanism is not well

understood and this criterion does not hold for current solid electrolytes.

During material selection for a desired SE, as discussed in section 1.3.2, the ionic conductivity
is the most important property to consider as it determines the efficiency of ions moving through
the material. The mechanical properties are the next most important to consider, as the solid
electrolyte needs to be able to withstand applied stresses such as general handling of the battery
or the stress caused by volume expansion during cycling; which the mechanical characterisation
performed in this thesis gives the first experimentally determined values for these highly air-
sensitive classes of SEs.?®! There is a general consensus that materials with better mechanical
properties will have better overall performance as solid electrolytes, even if it does not
necessarily aid dendrite prevention.®? Also important to consider when designing a solid
electrolyte, is that a middle ground, intermediate modulus, must be found, to strike a
compromise between high mechanical strength and the ability to accommodate volume change
during cycling.” Due to prioritising ionic conductivity the chosen solid electrolytes for
mechanical characterisation are all initially relatively soft materials; therefore, for these solid

electrolytes it will be beneficial to consider materials with the highest moduli.
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Hardness is a measure of a material’s ability to resist permanent plastic deformation on the
surface, demonstrated and measured through techniques like indentation. When considering
solid electrolyte selection, resistance to plastic deformation is beneficial as it will help dendrite
penetration prevention in a material; therefore, a higher hardness is preferred. Of these
materials, LisPSsCl has the highest measured modulus and second highest hardness making it

the most promising material to be selected for use as a solid electrolyte.

3.4.2 Indentation Fracture Toughness Results

The main failure of solid electrolytes is via dendrite penetration, which occurs due to the
fracture of the material. Due to the air-sensitive nature of the solid electrolytes conventional
methods of facture measurement were not possible. Work done by Lawn, Evans and Marshall
outlines a method by which cracking caused by indentation, specifically radial cracks, can be
measured and used to calculate the fracture toughness of a material.?2® Highload indentation

with a cube corner tip was used to induce fracture by radial cracking,

Indentation was carried out as described in section 3.3.5 and images of the post indentation sites
taken using a TESCAN Mira-3 SEM. Examples of several cube corner indents are shown in
figure 3.3. Figures 3.3a-c) show cube corner indents at various loads, from the images cracking
of various geometries can be seen surrounding the indent. The cracks appear to be following
the direction of the particle boundaries, showing that there is poor bonding (adhesion) between
the particles when formed by cold pressing, and is an easier fracture route than through the
particles themselves. For the LEM model to be valid radial cracking must be the dominant mode
of fracture, given the observed cracks it was not possible to determine the fracture toughness

of cold pressed LisPSsCl by this method. Figure 3.3d) shows an example cube corner indent for
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LGPS, again showing various crack geometries, meaning fracture toughness determination was
not possible. Similar crack geometries were observed for all the cold pressed samples. The
mode of fracture is dominated by the densification of the sample, leading to a complex stress
state and then complex cracking; therefore, the calculation of fracture toughness by the LEM
model was not possible. The cracks were curved in nature and approximately followed the
edges of the indentation site; similar shaped patterns are seen as a result of pile-up surrounding
indents.?® Pile-up occurs when the material is compliant or soft, and the material is
displacement by the indenter volume and pushed to the side. However, despite all the cold
pressed samples being soft, significant pile-up (i.e. > 2 um) was not observed on the surface,
(evidence of this can be seen in figure 4.9 in chapter 4). As the density of the cold pressed
samples is so low, it is likely that the sharp indenter geometry caused the surrounding plastic
zone of the indent to become further densified. The displacement of the material followed the
same movement path as that occurs in pile-up, hence the various crack geometries formed in

similar shaped patterns.
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Figure 3.3:Cube corner indentation sites of a) LisPSsCl with 100 mN load, b) LisPSsCl with 200 mN load, c) LisPSsCl with

400 mN load, d) LGPS with 200 mN load.

3.4.3 Four-point Beam Bending Results

3.43.1  PureBeams

As previously discussed dendrite penetration is a major source of failure for the ASSB; dendrite
formation is preceded by (or leads to) a crack penetrating the solid electrolyte. Knowing the
fracture properties of the material can help to inform the ease at which dendrites can penetrate
the solid electrolyte. As discussed in section 3.4.2 fracture toughness experiments were very
difficult to perform and as a result a simpler testing method had to be developed to understand

fracture of the cold pressed electrolytes.
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A method for determining flexural fracture strength was developed and is laid out in section
3.3.6. To test the selected solid electrolytes, cold pressed beams were produced using a custom-
built die set as described in section 3.3.2. By testing beams using a bend test, failure by fracture
will be caused by a crack initiating at the largest flaw on the surface. The point of fracture
occurred under the highest applied load, this value was taken to be the fracture load, P. Using
the known geometries of the 4-point bend jig, as laid out in section 3.3.6, and the measured

dimensions of the beam, the flexural fracture strength, o, for each beam was calculated using

equation 3.1, which describes the moment created by a 4-point bend test.

of (eqn 3.1)

~ 4bd?
Where

P is the fracture load.

L is the distance between the outer rollers.

b is the width of the beam.

d is the thickness of the beam.

At least 10 beams were tested for each material, the mean of the flexural fracture strength values
for each solid electrolyte are shown in figure 3.4a). The figure shows pure B-LPS and LSC to
have a similar flexural fracture strength that is measurably higher than the strength of LGPS
and LisPSsCI, which themselves have similar flexural fracture strength. The differences in
measured strength values is due to difference in critical flaw size presence. From comparison
with figure 3.2 the trend for modulus and hardness values do not align with the flexural fracture
strength values. This suggests that the processability of the material, specifically how well the
material densifies under cold press to form a green body, will determine the size and dispersion
of pores in the material and as a result the ease at which a crack initiates at a critical flaw. When

considering material selection, the flexural fracture strength of all these materials are relatively
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low values, indicating poor resistance to cracking, and are within the same order of magnitude
- range of 13.3 MPa for LGPS to 18.0 MPa B-LPS. Therefore, when selecting a suitable solid
electrolyte ionic conductivity should still be prioritised, meaning LisPSsCl is still the preferred

choice for solid electrolyte.

a) Cold Pressed vs Composite Bend Tests b) Cold Pressed vs Multilayer Bend Tests
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Figure 3.4: a) The measured flexural fracture strength of the pure cold pressed beam samples and the composite cold pressed
beam samples, b) The measured flexural fracture strength of the multilayer cold pressed samples compared with the component

pure cold pressed samples.

3.4.3.2 Composite Beams

Composite beams were manufactured, using the method described in section 3.3.2, to
investigate effect of creating a layered composite solid electrolyte on the measured flexural
fracture strength. From the indentation experiment carried out in section 3.4.1, it was evident
that LisPSsCl had the best mechanical properties. When considering the promising
electrochemical properties of LisPSsCl, it became the choice material for a solid electrolyte;

therefore all composites were made using LisPSsCl and a second different solid electrolyte.

As stated in section 3.3.2 the composite beam was manufactured such that the interface between
the two composite layers was placed under compression away from the neutral axis, this would

closely replicate the conditions under which crack deflection was observed during the
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electrochemical tests. 4-point bend tests of the composite beam samples were carried using the
same method as for the pure cold pressed samples, set out in section 3.3.6. Multiple beams were
tested for each composite and the mean of the flexural fracture strength values for each solid
electrolyte are shown in figure 3.4b), Comparing the cold pressed pure beams with composite
beams revealed a difference in the flexural fracture strength. To consider whether the difference

in these measured values was statistically significant, Welch’s T-Test was used.??

Using the method set out by Welch, the T-Test value and Degrees of Freedom was calculated
and shown in table 3.3 below. By comparing these results with the Two Tails T-Distribution
Table,* with a 0.05 significance level, it was possible to determine whether there was a
statistically significant difference between each pure cold pressed sample and the composite
sample. Figure 3.4b) showed that the flexural fracture strengths of the composite cold pressed
beams were greater than that of the measured values for the pure cold pressed beams. The
LisPSsCI/B-LPS composite had the highest flexural fracture strength and showed the greatest
increase compared to its component materials, with Welch’s T-Test confirming a statistically
significant difference to both component materials. The LisPSsCI/LGPS composite also showed
a higher flexural fracture strength than its component materials, with Welch’s T-Test
confirming a statistically significant difference to both component materials. The
LisPSsCI/LSC composite showed a slight increase flexural fracture strength compared to
LisPSsCl but a decreased when compared to LSC. Welch’s T-Test showed a statistically
significant difference only comparing the LisPSsCI/LSC composite to LisPSsCl; when

comparing the composite to LSC the flexural fracture strength values were very similar.
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Composite Pure | T-Test | Degrees of | Statistically

Sample Freedom | Significant
Argyrodite/B-LPS B-LPS 5.3 13.0 Pass
Argyrodite/LGPS LGPS 4.6 13.6 Pass
Argyrodite/LSC LSC 0.8 7.9 Fail
Argyrodite/B-LPS | Argyrodite 8.7 12.0 Pass
Argyrodite/LGPS | Argyrodite 3.6 12.9 Pass
Argyrodite/LSC | Argyrodite 3.0 10.8 Pass

Table 3.3: Shows a T-Test analysis of the fracture strength of the composite solid electrolyte beams compared to their pure

counterparts, to demonstrate whether the fracture properties can be improved through forming a composite.

A critical current density (CCD) electrochemical test (carried out by Bingkun Hu) of pure

LisPSsCl was performed; figure 3.5b) shows a short circuit occurred at 2.75 mAcm2. Figure

3.5a) shows that in pure LisPSsCl, a monolithic SE that a straight dendritic crack forms, with

no deflection. The aim of the composite solid electrolyte is that some crack deflection will

occur, increasing resistance to crack propagation and therefore increase the CCD.
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Figure 3.5: a) XCT images for pure LisPSsCl showing a transverse crack propagating through the sample without deflection.

b) The voltage profile of a Li/LisPSsCl/Li cell showing a short circuit at 2.75 mAcm-2.2%

Subsequent electrochemical CCD tests on symmetric samples of these composites were carried
and results shown in figure 3.6. Figure 3.6a) and 3.6b) show that for the LisPSsCI/LSC and
LisPSsCI/LGPS composites there was an increase in the CCD of the composite materials when
compared to their pure components. Figure 3.6¢) shows no significant improvement in the CCD
for the LisPSsCI/B-LPS composite. These results show that show that a greater improved
flexural fracture strength of the composite solid electrolytes does not correlate with improved
electrochemical properties. X-ray Computed Tomography (XCT) was also performed during
the electrochemical CCD tests and the images shown in figure 3.6. Figures 3.6d-f) all show an
initial crack that grows transversely across the LisPSsCl layer, eventually reaching the interface
between the composite materials. In both the LisPSsCI/LSC and LisPSsCI/LGPS composites

(figures 3.6d,e) respectively) the crack then appears deflect and propagate along the interface,
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this phenomenon is known as crack deflection. In comparison, during the CCD test for the
LisPSsCI/B-LPS composite the crack penetrates through without any sign of deflection (figures
3.6f) respectively). The XCT images in figure 3.6 propose that crack deflection at the interface

is the mechanism responsible for improved CCD performance.
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Figure 3.6:CCD test for a) LisPSsCI/LSC/LisPSsCl composite, b) LisPSsCI/LGPS/LisPSsCl composite, c) LisPSsCl/f-
LPS/LisPSsCl composite. XCT images for d) LisPSsCI/LSC/LisPSsCI composite showing crack deflection along interface, e)
LisPSsCI/LGPS/LisPSsCl composite showing crack deflection along interface, c) LisPSsCl/s-LPS/LisPSsCl composite with no
observed crack deflection. Figure was made with the help of Bingkun Hu.?%®

The 4-point bend test results in figure 3.4a) suggest LisPSsCI/LSC and LisPSsCI/LGPS
composites had a weaker interface which facilitated the crack deflection, therefore improving
the overall solid electrolyte electrochemical properties. Figure 3.7 is a diagram to show the
loading direction and orientation during the 4-point bend tests of the composite beams. To
investigate the crack deflection mechanism further post-fracture SEM images were taken of the

composite samples used in the 4-point bend tests.

107|Page



Argyrodite
Composite

Layer

Figure 3.7 Schematic of the composite beam under flexion, showing the loading direction and the interface tested within the

compressive bending regime.
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Figure 3.8:a-b) a top down image of a composite beam highlighting a crack at the interface between LisPSsCl and LSC, c-€)

successively magnified sideways cross-section image showing the LisPSsCI/LSC interface.

Figures 3.8a-b) show evidence of a crack that has formed at the composite interface, supporting
the weak interface argument. Figures 3.8c-e) show a sideways cross section of the composite

beam fracture surface.
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Figure 3.9: a-b) a top down image showing two different fracture surfaces in LisPSsCl and LGPS, indicating crack deflection
at the interface, c) a side-on image showing a crack deflecting both ways across the interface, d-e) sideways cross-section

image showing the LisPSsCI/LGPS interface.

Figures 3.9a) and b) show an LisPSsCI/LGPS composite beam with two different fracture
surfaces, showing where the crack has traversed the LisPSsCl layer before deflecting along the
interface approximately 3 mm, before then traversing the LGPS layer resulting in the LisPSsCI
cleaving off the top; very clear evidence for crack deflection. Evidence of the crack deflection
across the whole interface can be seen by a side-on image of a composite beam in figure 3.9c).

Figures 3.9d-e) show a front on cross section of the composite beam fracture surface.
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Figure 3.10:a) sideways cross-section image showing the LisPSsCl/f-LPS composite, b) a magnified image of where the

interface is suspected to be.

In post-fracture SEM images of the LisPSsCI/B-LPS there was no evidence of crack deflection
in any samples. Figure 3.10a) shows a sideways cross section of the composite beam and unlike
previous composites it was not possible to clearly identify the interface between LisPSsCl and
the B-LPS layers, figure 3.10b) shows a magnified image of where the interface is likely to be,

but no clear identification of the layers was possible.

Crack deflection in layered ceramics is a toughening mechanism which can occur due to a weak
interface between the layers. Once a crack has initiated in the first layer it propagates through
the layer arriving at the interface, in the case of these composites the crack initiates in the
LisPSsCl layer and propagates along the grain/particle boundaries. When the crack arrives at
the interface it encounters a change in material properties. In the case of LisPSsCI/LSC and
LisPSsCI/LGPS composites, the crack encounters a weak interface formed by cold-pressing, as
evidenced by the 4-point bend test results. For the crack to propagate further it must overcome

a new energetic barrier, either:2®
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- the surface fracture energy of the new layer, in this case LSC or LGPS.

- the interfacial energy of the bonds that exist between the layers.
A weak interface provides the path of least resistance, as the interfacial energy is lower than
the surface fracture energy of the secondary layer; thereby encouraging crack deflection as
demonstrated in figures 3.6d-e), 3.8 and 3.9. This deflection along the interface therefore
increases the resistance to crack propagation in the solid electrolyte,?’ thereby allowing greater
cycling performance (figure 3.5a-b). In the case of LisPSsCI/B-LPS the 4-point bend test
flexural fracture strength of the composite increased significantly, suggesting that a
comparatively strong interface was formed. Therefore, once the crack has reached the interface,
the path of least resistance for crack propagation would be through the second layer rather than
deflecting along the interface, as shown in figures 3.6f) and 3.10. This results in no significant
improvement in cycling performance (figure 3.6¢). In summary, the post-fracture SEM images
of the 4-point bend tests provides evidence supporting the argument that for the cold pressed
solid electrolytes, creating a composite with a weak interface will introduce a crack deflection

toughening mechanism, thereby improving its electrochemical properties.

3.4.3.3 Layer Beams

As discussed in the previous section the presence of a weak interface encourages crack
deflection to occur. The next step taken was to investigate the effect of introducing more layers
into the composite. As the LisPSsCI/LGPS composite showed the highest CCD and best
evidence for crack deflection, multilayer beams were created from these two materials as
described in section 3.3.2. The 3-layer beam comprised LisPSsCI/LGPS/LisPSsCl and the 5-
layer beam comprised LisPSsCI/LGPS/LisPSsCI/LGPS/LisPSsCl. Figure 3.4b) shows that for
the 3-layer beam there was a significant decrease in flexural fracture strength and shows an

even greater decrease for the 5-layer beam. These results from 4-point bend testing could
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suggest the presence of weak interfaces between the layers. To confirm whether crack

deflection had occurred along the interface, post-fracture SEM images were taken.
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Figure 3.11: successively magnified images of fracture surface of a 3-layered beam, with observed crack deflection

Examining the fracture surface of the 3-layer beam in figure 3.11a) revealed three distinct layers
and the respective interfaces (pink lines). At the top interface between LisPSsCI/LGPS there is
clear evidence that there is a weak interface and that crack deflection has occurred (figure 3.11).
However, at the bottom interface the interface between the LGPS/LisPSsCl can be clearly seen

but no crack deflection is evident.

When investigating the 5-layer beam there was clear evidence of the individual layers, shown
by the green lines in figure 3.12c). Figure 3.12a) shows some evidence of crack deflection at
the first interface from the top, and significant crack deflection along the third interface from
the top. It is interesting to note that in both these deflection cases the crack would have
propagated through LisPSsCl to reach the interface with LGPS. For the other two interfaces,

LGPS/LisPSsCl, no significant crack deflection is observed, similar to that of the 3-layer beam.
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Figure 3.12:fracture cross-sections of a 5-layer beam showing a) crack deflection sites, b) the five individual layers, c)

highlighting the four interfaces.

In summary the 3-layer beam only appears to have crack deflection along one interface,
meaning there is no added crack resistance benefit from introducing the second interface. In the
5-layer beam there is evidence of crack deflection at two of the interfaces but not in the other
two. This is accompanied by a significant decrease in flexural fracture strength as shown by
figure 3.4b) but also evidenced in the very poor handleability of these samples during the
production process, especially during cold pressing, meaning the overall mechanical properties

of the solid electrolyte composite have worsened.

3.5 Conclusion

This chapter has demonstrated novel testing methods which enable experimentally measured
mechanical properties, such as modulus, hardness and fracture strength, of the highly-air
sensitive solid electrolytes to be reported. The nanoindentation experiments revealed that
LisPSsCl exhibited the best mechanical properties of all the cold pressed solid electrolytes,
combined with its promising electrochemical properties made it the preferred solid electrolyte
for testing. However, for all the cold pressed samples the mechanical properties were all quite
poor, specifically exhibiting low density and large porosity. This was evidenced by the fracture
toughness testing where the powder was so poorly bonded, it appeared to be pushed by the

indenter rather than any breaking of bonds. This suggests that better processing to improve both
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the density and microstructure is required to enable the starting powders to form viable solid

electrolytes.

The 4-point beam testing revealed that by creating a composite solid electrolyte it was possible
to increase the overall CCD. The increases CCD occurred in composite samples that a weak
interface, thereby enabling crack deflection at the interface. The weak interface was created by
cold pressing layers of different solid electrolyte powders on top of each other. Despite the
increase in crack resistance, this method of processing the composite solid electrolytes even
further decreased their already poor mechanical properties. The trade-off for higher CCD but
worse mechanical properties, especially handleability, is ultimately not viable for a solid
electrolyte candidate. However, the principles of introducing a composite to promote crack

deflection, thereby increasing the toughness, is worth further investigation.
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4. Development of the Mechanical

Properties of Solid Electrolytes

4.1 Aim

In the previous chapter the experimentally gathered data was used to characterise the
mechanical properties of several leading cold pressed solid electrolytes. The research showed
these solid electrolytes, despite their excellent electrochemical properties, had relatively poor
mechanical properties; this led to the exploration of methods to improve the mechanical
properties of these solid electrolytes, which may be one possible method by which to improve
their electrochemical performance. LisPSsCl was the cold pressed SE that showed the best
electrochemical performance and the most promising mechanical properties; this chapter aims
to further improve its mechanical properties. The crack deflection mechanism discussed in the
previous chapter suggests SEs with better mechanical properties, such as improved fracture
resistance, will improve electrochemical performance. One method to improve the mechanical
properties of the cold pressed SEs is to increase the relative density of the SE, through methods
such as sintering. Another method is to create composites of the solid electrolytes by
introducing a stronger material into the SE matrix, with the aim to improve the overall
mechanical properties. Novel investigative methods are used and demonstrated in this chapter

to measure the results.
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4.2 Introduction

Lithium penetration through the solid electrolyte is a problem that has prevented the realisation
of a functioning Li ASSB. In previous literature many different theories have been put forward,
with no consensus as to the exact method by which lithium dendrites form. More recent research
has shown issues such as cracking, cycling stress state and contact mechanics to be contributing
factors to poor electrochemical performance and cell failure.!*” Therefore, necessitating
investigation into whether it may be an underlying mechanical problem rather than
electrochemical hindering progress of the ASSB.1°%:258-260 However, there is very little existing
literature that accurately measures the mechanical properties of solid electrolytes, due to their
highly air-sensitive nature. The research carried out in this chapter provides some of the first
experimentally determined mechanical characterisation of these materials, enabled through the

development of novel air-sensitive testing techniques.

In combination with this research, a dendrite initiation model was put forward by Dominic
Melvin et al. stating that if the hydrodynamic pressure build-up of the lithium dendrite exceeds
the fracture criterion for the solid electrolyte then a crack will initiate.?5! The research carried
out in this chapter was used to validate this model and for the first time provided an accepted
dendrite initiation model. The investigation was carried with LisPSsCl the choice solid
electrolyte, as demonstrated in the previous chapter, it had the most promising electrochemical
properties. From this model it is evident that to resist crack initiation, the local fracture strength
of the solid electrolyte should be increased. Through a field-assisted sintering manufacturing
process, LisPSsCl samples with increasing density were produced. Once produced the challenge
became examining the mechanical properties of the various solid electrolytes, due to their air-

sensitive nature. Using the fully enclosed Ar-glovebox, SEM and nano-indenter setup,
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combined with novel testing procedures, the mechanical characterisation of LisPSsCl was made
possible and experimentally measured values of modulus, hardness and local fracture strength

discovered for the first time.

Crack propagation is another problem that plagues solid electrolytes which the literature again
comments very little about, due to the increased difficulty of air-sensitive mechanical
characterisation. Another model put forward in collaboration with this research, by Dominic
Melvin, shows that the plating of lithium can generate enough crack tip driving force to exceed
the solid electrolyte fracture toughness, allowing a dry crack to propagate and create a path for
a lithium dendrite; the research carried out in this chapter was used to validate the model.
Therefore increasing the fracture toughness of the solid electrolyte will resist crack propagation,
thereby enabling higher critical current densities and greater cycle lifetimes. One method to
improve the mechanical properties of a ceramic is to create a composite by introducing another
material with better mechanical properties. Ceria-Stabilised-Zirconia (CSZ) was used to create
different LisPSsCI-CSZ composites with the aim of improving the fracture toughness of the
composite solid electrolyte, specifically through transformation toughening.622% Air-sensitive
mechanical characterisation was carried out to investigate whether producing a LisPSsCl
composite would improve the mechanical properties of a solid electrolyte, and in turn its

electrochemical properties.

4.3 Experimental

4.3.1 Manufacture of various LiePSsCl Samples

All samples tested were prepared with the help of Dominic Melvin. All procedures, including

pressing and sintering, were performed inside an Ar-filled glovebox (O2 and H20
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levels < 1 ppm). All LisPSsCl samples were made using LisPSsClI solid electrolyte powder that
was purchased from MSE Supplies — Ampcera. The purity of the powder was >99.9%, the

average particle size was ~1 um, and the powder distribution was D50.7®

To prepare the cold pressed LisPSsCl sample, LisPSsCl solid electrolyte powder was loaded
into a stainless-steel die set, 5 mm in diameter, and pressed into a disc under a uniaxial pressure
of 400 MPa. To prepare field assisted sintering samples with varying density, the following
method was used. LisPSsCl solid electrolyte powder was loaded into a 20 mm diameter graphite
die set, which was then placed into a spark plasma sintering system (FCT Systeme GmbH).
Field assisted sintering was then carried out at either 300, 350, or 400 °C for 5 minutes, under
uniaxial pressure of 50 MPa whilst under vacuum, by passing an electrical current through the
die set. Using micro-XCT the volume of the discs was measured and using the measured weight
of each disc, the relative density was calculated. Potentiometric electrochemical impedance
spectroscopy was carried out to calculate the ionic conductivity and 3-electrode cells using a
single plating protocol to calculate the critical current density, more detail given in section

2.5.59264 The results of density and electrochemical characterisation are shown in table 4.1.

LisPSsCl SPS Sintering Relative Density |Ionic Conductivity| Critical Current
Temperature (°C) (mS cm™) Density (mA cm?)
Cold Pressed 83% 1.3 1
300 86% 2.2 2
350 95% 5.3 5
400 98% 6.1 10

Table 4.1: For each different sintering temperature of LisPSsCl, the table shows the relative density of the produced material

and its electrochemical properties.

To prepare the composite LisPSsCI-CSZ samples the following method was used. 12 mol%

Ce02-ZrO2 (CSZ) powder was purchased from TOSOH. To ensure the CSZ contained sufficient
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amount of metastable tetragonal phase, the CSZ was calcined in air for 1 hour at 900 °C, with
a heating/cooling rate of 5 °C/min. To make each sample at the corresponding ratio, both Li-
6PSsCl and calcined CSZ powders were mixed and initially ground for 30 minutes using pestle
and mortar. Next the mixture of powders was sieved (100 um mesh) to further mix the powder
and break up any agglomerates, this process was repeated three times. The mixed powders were
loaded into a graphite die set, which was then placed into a spark plasma sintering system (FCT
Systeme GmbH). Field assisted sintering was then carried out at 400 °C for 5 minutes, under
uniaxial pressure of 50 MPa whilst under vacuum, by passing an electrical current through the

die set.

CSZ was used to gain the benefit of transformation toughening in the LisPSsCl -CSZ composite.
To investigate as to whether this effect occurred a sample using ZrO2 (zirconia), purchased
from Sigma Aldrich, in its monoclinic phase was produced; specifically a 20% LisPSsCl -
zirconia composite. To make the sample an 80-20 ratio, both LisPSsCl and zirconia powders
were mixed and initially ground for 30 minutes using pestle and mortar. Next the mixture of
powders was sieved (100 um mesh) to further mix the powder and break up any agglomerates,
this process was repeated three times. The mixed powders were loaded into a graphite die set,
which was then placed into a spark plasma sintering system (FCT Systeme GmbH). Field
assisted sintering was then carried out at 400 °C for 5 minutes, under uniaxial pressure of 50

MPa whilst under vacuum, by passing an electrical current through the die set.

4.3.2 Preparation of the LisPSsCl Samples

All sintered LisPSsCl samples made using field assisted sintering, were prepared using the

following method. All the samples were approximately disc-shaped measuring approximately
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5 mm in diameter and approximately 1 mm in thickness. The samples were kept in an Ar filled
glovebox (O2 and H20 concentrations < 1 ppm), samples were polished using successively finer
SiC paper, using grits of 400, 600, 800, 1200, 2500 and finally 4000. When typically preparing
a flat surface for nanoindentation testing there are several other subsequent steps that follow to
achieve a completely smooth surface,?*® due to the air-sensitive and moisture-sensitive nature
of the samples none of these further polishing steps were possible. Each sample was then
mounted onto a custom aluminium pin stub 6 mm in diameter, with a pin length of 3.5 mm. An
electrically conductive two-part silver epoxy from Agar Scientific was used to affix the sample
to the pin stub. As the temperature of the glovebox was usually around 20 °C, the epoxy was
left to cure for at least 12 hours. Each sample was then transferred to the custom glovebox,
SEM and indenter set up, where the SEM opens up directly into the glovebox enabling airless
transfer. In this glovebox a final polishing step, again with 4000 SiC grit paper was performed,
to achieve the best surface finish possible. After this final polishing step the sample surface was

smooth and somewhat reflective to light.

The cold pressed LisPSsCl sample, once manufactured, was prepared using the above method,
with the following change. Once the sample had been pressed, the surface was already relatively
smooth and as a result the only initial polishing step was using 4000 grit SiC paper, more detail
can be found in section 3.3.3. The remainder of the above procedure was carried out to mount

the cold pressed sample to the pin stub prior to indentation.

4.3.3 Berkovich Nanoindentation of all Samples

Indentation was performed using a Bruker-Hysitron P189 in-situ nanoindenter; the nanoindenter

mounted to the five-axis stage of the SEM. The indentation testing axis was aligned at 80° to
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the electron beam, and all tests carried out under vacuum condition. Using the lowload testing
mode of the indenter, indents were carried out in three distinct regions of the sample. All indents
were spaced at least 30 pm apart, carried out with a continuous stiffness measurement frequency
of 120 Hz and using an electrically conductive diamond Berkovich instrumentation tip (Bruker-
Hysitron). A fused silica reference sample was used to carry out the machine compliance
calibration and calculate the tip area function, using the Hysitron software, according to the
procedure by Oliver and Pharr.?'® The machine compliance was measured to be 3.627 nm/mN.
Before each indent, the thermal drift rate was measured when in contact with the sample, over
40 s using a preload of 20 uN, and corrected for. Indentation tests were carried out using the
Hysitron load controlled open-loop nanoDynamic mode, enabling continuous stiff
measurement (linear CMX). The applied load was increased linearly over 10 s, to each target
load of 1000, 2000, 4000, 8000 uN. From the continuous stiffness measurement indentation,
the reduced modulus and hardness were obtained; using the known indenter modulus and

hardness, the sample indentation modulus and hardness were calculated.

Using the Bruker-Hysitron PI89 in situ nanoindenter, indentation was performed using the
highload testing mode of the indenter. Indents were carried out in three distinct regions of the
sample with at least 60 pm spacing, using an electrically conductive diamond Berkovich
instrumentation tip (Bruker-Hysitron). Before each indent, the thermal drift rate was measured
when in contact with the sample, over 40 s using a preload of 80 uN, and corrected for.
Indentation tests were carried out using the Hysitron load controlled open-loop mode, at least
60 single highload indents were performed on each sample. The applied load was increased
linearly over a 10 s period, to the target loads between 10 to 500 mN. The indentation was then
held at the target load for 2 s before it was then unloaded linearly to 0 mN over a 10 s period.

From the initial gradient of the measured load-displacement unload curve the sample stiffness
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was calculated. From the calculated stiffness the indentation modulus and hardness were

obtained.

4.3.4 Fracture Toughness testing of LisPSsCl-Zirconia

Composites

Fracture toughness indentation measurements were performed using a Bruker-Hysitron P189
in-situ nanoindenter, with an electrically conductive diamond cube corner instrumentation tip
(Bruker-Hysitron). The samples were prepared, polished and mounted inside an Ar filled
glovebox, using the steps outlined in section 4.3.2. Indentation tests were carried out using the
Hysitron load controlled open-loop mode, at least 50 single highload indents were performed
on each sample. Before each indent, the thermal drift rate was measured when in contact with
the sample, over 40 s using a preload of 80 uN, and corrected for. The applied load was
increased linearly over a 10 s period, to the target loads of 100, 200 and 400 mN. The
indentation was then held at the target load for 2 s before it was then unloaded linearly to 0 mN
over a 10 s period. The cube corner tip was used instead of the Berkovich tip as it has a much
smaller angle, 35.3°, between the axis of symmetry and a face than for the Berkovich, 65.3°,
and thus is a much sharper tip. This means that for the same contact area, the cube corner tip
geometrically displaces 3 times more volume of material than a Berkovich tip, therefore the
applied loading threshold for cracking can be reduced substantially. The sharper cube corner
tip promotes radial cracking and as such the Lawn, Evans and Marshall (LEM) equation can be
used.?>228 Post indentation images of the indentation site were taken using the SEM; from these
images the indentation diagonal and the radial crack length were measured. Using the

dimensions of the indent, crack length and the applied load, the fracture toughness was

124|Page



calculated using the LEM equation. Example images of post-indentation sites are displayed in

figure 4.9, in section 4.4.2.

4.3.5 FIB of Cantilevers

Pentagonal micro-cantilever beams were milled using a ZEISS Auriga FIB-SEM system with
a gallium ion (Ga*) source.?35265-267 The sample was prepared, polished and mounted inside an
Ar filled glovebox, using the steps outlined in section 4.3.2. The mounted sample was loaded
into a Semi Labs Transfer Shuttle, whilst still inside an Ar filled glovebox, to allow for an
airless transfer into the FIB-SEM. Using the gallium FIB, three overlapping rectangular
trenches 10 um deep were milled using a beam current of 16 nA to create a cantilever top
surface approximately 32 x 7 um. Using a large beam current allowed faster milling but did not
produce vertical sides due to the lower precision associated with a large beam tail. Using a
beam current of 2 nA and three overlapping trenches of 8 um depth, produced a cantilever of
dimensions 30 x 5 um with vertical sides. To form the underside of the cantilever, the sample
was tilted 45° (about the long axis of the cantilever), and using a beam current of 2 nA the base
was milled away approximately 5 um. The cantilever was then rotated and this same milling
procedure was carried out on the other side, produce a cantilever that had a symmetrical
pentagonal cross section. The target dimensions are shown in figure 4.1. The SEM was used to
capture images after the milling of the cantilever was complete to measure and record the

dimensions of the cantilever.
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Indenter . W

Figure 4.1: a) Schematic to demonstrate the shape of pentagonal cantilever to be milled and positioning of indenter tip, b)

SEM image showing microcantilever of LisPSsCl with the ideal target dimensions.

4.3.6 Testing of Cantilevers

Testing of the prepared microcantilevers was carried out using the Bruker-Hysitron PI89 in-
situ nanoindenter. The Semi Labs Transfer Shuttle was used to ensure an airless transfer into
the glovebox connected SEM and in-situ indenter. The indenter was used in the lowload mode
configuration and with an electrically conductive diamond cube corner instrumentation tip
(Bruker-Hysitron). By using the sharper cube corner tip this allowed for greater visibility when
positioning the indenter so that indenter tip could be accurately placed at a known distance from
the fixed end and in the center-line of the cantilever. Before each indent, the thermal drift rate
was measured when in contact with the sample, over 40 s using a preload of 5 uN, and corrected
for. The cantilever was then loaded to failure by fracture using the Hysitron displacement
controlled closed-loop feedback mode, with a displacement rate of 2 nms*, an example of the
load-displacement curve of a tested microcantilever is shown in figure 4.12, in section 4.4.3.

The fracture point was identified by a significant decrease in measured load, the peak load was
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measured and recorded as the fracture load. The fracture load and measured dimensions of the

cantilever was used to calculate the fracture stress of the cantilever.

4.4 Results and Discussion

4.4.1 Nanoindentation

Similarly to the previous chapter, nanoindentation was used to characterise the different
LisPSsCl solid electrolytes produced in accordance with section 4.3.1. In this chapter lowload

nanoindentation to provide continuous stiffness measurement (CSM) was also used.

441.1 Lowload and Highload Testing

As stated in 4.3.3 the lowload indentation was performed using continuous stiffness
measurement mode and it was possible to measure modulus and hardness as a function of depth.
For highload indentation single indents were performed and the stiffness (S) calculated from
the gradient of the initial linear upper portion of the unload curve as shown in Figure 4.2. A

step-by-step guide as to how the stiffness was calculated is shown in section 2.6.2.
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Load-Displacement Curve
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Figure 4.2: A load-displacement curve form a pure Arygrodite sample with and applied maximum load of 320 uN represented
by the blue dots. A linear extrapolation of the initial portion is shown by the pink solid line. The calculated Stiffness (S) take

from the gradient of the unload curve is shown by the green dashed line.

Indentation was carried out in total across a range of loads from 1-500 mN, using both lowload
and highload testing modes. Analysis of the raw data sets was carried out as described in section
2.6.2, the results of modulus and hardness for both testing regimes are shown in figure 4.3. As
both testing modes characterise the fundamental mechanical properties of the LisPSsCl a

combined plot of both testing regimes is possible, as shown in figure 4.4.
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Figure 4.3: a) Modulus-displacement data, lowload testing mode. B) Hardness-displacement data, lowload testing mode. C)

Modulus-displacement data, highload testing mode. D) Hardness-displacement data, lowload testing mode.
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Figure 4.4: Graphs for both lowload and highload testing data combined showing a) modulus-displacement curve b)

hardbesss-displacement curve.

In the modulus plot of figure 4.4a) there is initially a downward sloping curve, showing
modulus decreasing with displacement; this trend is represented by data from both the lowload
and highload testing modes. This trend continues until approximately a displacement of 1000
nm at which the curve asymptotically levels out and becomes horizontal, represented by the
highload data. In the hardness plot of figure 4.4b) again there is initially a downward sloping
curve, showing hardness decreasing with displacement; the trend represented by data from both
lowload and highload testing modes. Similarly, to the modulus, this trend continues until
approximately a displacement of 1000 nm at which the curve asymptotically levels out and

becomes horizontal, represented by the highload data.
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In previous indentation studies, initially decreasing trends in hardness with displacement can
be attributed to the indentation size effect (ISE).?%® The ISE describes a phenomenon observed
in indentation experiments; as the indentation depth decreases, the hardness of the material
appears to increase.?®® The Nix and Gao model is the most popular and widely used model to
explain these experimental observations known as the ISE.?682’0 The model states that
geometrically necessary dislocations (GND) are required to accommodate strain caused by the
volume of material displaced by the indenter tip. The relationship between hardness (H) at any
given depth (h) and the intrinsic material property of hardness (Ho) is described by equation

4.1, where h™ is a constant that depends on the shape of the indenter tip used.

h*
H = H, ’1 + 5 (eqn 4.1)

The ISE is readily seen in metals due to their ability to deform plastically, more easily creating
GNDs as they are more ductile. Ceramics being generally more brittle will have other
mechanisms to accommodate during indentation; LisPSsCl being a particularly soft ceramic

will again have other mechanisms allowing it to deform more easily.

The ISE could explain the decrease in hardness with increase in depth, but it would not be able
to explain the same change seen in modulus. Further investigation into the sample preparation
showed that sample preparation, specifically the surface finish, could be an affecting factor.
The final grinding stage used 4000 SiC grit paper, which had a particle size of ~ 1 um. This
resulting in the sample surface not being perfectly flat and at depths of less than 1 pm the actual
surface contact area is likely to be greater than the calculated projected contact area. This would
result in an overestimate for both modulus and hardness as evidenced by the trend in figure 4.4.
At greater depths both curves asymptotically converge towards a horizontal line; this indicate

a single true value for the intrinsic material properties of both modulus and hardness. As a
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result, going forwards in subsequent indentation tests, only the highload testing mode was used
and any data recorded at depths <1000 nm removed as it was deemed to be unreliable due to

sample surface preparation issues.

441.2 Porosity/Density Results

The improved density of the LisPSsCl solid electrolyte is expected to be accompanied by an
improvement in the mechanical properties of the material. Four samples with different
densities, produced following the methods in sections 4.3.1 and 4.3.2, were tested using
highload Berkovich indentation, according to the procedure in section 4.3.3. The figures below
show both the modulus and hardness results for the different density samples, calculated using
the method set out in previously in section 2.6.2, displayed on double Y-axis graphs. All curves
in figure 4.5 show a horizontal trend modulus and hardness results that is invariant with depth;
which indicates a single value for the intrinsic material properties of modulus and hardness

respectively.
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Figure 4.5: Modulus-displacement and hardness-displacement values for a) Cold pressed samples, b) field assisted sintered at
300 °C sample, c) field assisted sintered at 350 °C sample, d) field assisted sintered at 400 °C sample.

To calculate the intrinsic value for the modulus of each respective material, all the individual
moduli results were fit to a log-normal distribution. From this distribution the mode of the data
was taken to be the true material property, as the expected value of the distribution. This process
was followed to calculate the modulus of each material, and then repeated with the hardness
results to find the intrinsic hardness value of each material. Figure 4.6 shows a summary
comparing both the intrinsic modulus and hardness values for each different density sample.
The error bars displayed on figure 4.6 represent a 95% confidence interval for the upper and

lower bounds for the range of each material property.
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Figure 4.6: Graph showing a summary of a) modulus, b) hardness values for LisPSsCl of different densities.
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Figure 4.6a) shows a significant increase in modulus from the lowest density cold pressed
sample to the field assisted sintered samples. Figure 4.6b) also shows a significant increase in
hardness from the cold pressed sample to the field assisted sintered samples. Both of these
trends show that the sintering of LisPSsCl is accompanied by an improvement in mechanical

properties.

The field assisted sintered samples display an increase in density with increasing sintering
temperature. As sintering temperature increases an increase in both the modulus and hardness
values is observed for all the samples. Therefore, as the density increases the mechanical
properties of modulus and hardness are improved in LisPSsCl, which accompanies an

improvement in electrochemical properties as listed in section 4.2.

It should also be noted the difference in 95% confidence interval between the cold pressed and
sintered samples. As mentioned in section 4.3.2 surface preparation, in particular obtaining a
flat surface was very difficult due to the air-sensitive nature of the samples. The smaller
confidence interval seen in the cold pressed sample can be attributed to its method of production

and resulting surface finish. The cold pressed sample was made by pressing in a stainless steel
134|Page




dieset between two mirror-finish spacers, in accordance with the method set out in section 4.3.1.
This would have created a relatively flat surface, therefore fewer incidents where the calculated
projected contact area differed to the actual contact area, resulting in less variance in indentation
test result and therefore a smaller confidence interval. The sintered samples were formed using
field assisted sintering in a graphite dieset, as described in section 4.3.1, as a result a series of
grinding steps, as described in section 4.3.2, were required to remove any graphite and achieve
the best possible surface finish. These grinding steps produced a less smooth surface finish than
that produced by the cold pressing method. This meant that the sintered sample had a higher
variance in modulus and hardness results, and therefore a comparatively larger confidence
interval. Overall, the confidence intervals for all values are relatively small, meaning that the

measured values of modulus and hardness values can be taken as true.

4.4.1.3 LicPSsCI-CSZ Results

The aim of producing a LisPSsCI-CSZ composite is to improve the mechanical properties of
the solid electrolyte, in particular the fracture toughness properties. Adding CSZ to LisPSsCl
not only will affect fracture toughness but other intrinsic material mechanical properties such
as modulus and hardness. The highload indentation tests were carried out following the
procedure in section 4.3.3, and the expected value for both modulus and hardness was

calculated using the method described in section 2.6.2.

An estimation of modulus for each respective LisPSsCI-CSZ composite was made using the
rules of mixtures, with the Voigt model to define the upper bound and the Reuss model to define
the lower bound.?’* The Voigt model is based on an equal strain assumption, with the two
components deforming in series under stress. The following equation 4.2 represents the Voigt

model and was used to calculate the upper bound of the composite modulus, Ec.?"
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E.= fE,+ (1 —f)E, (eqn 4.2)
Where
- Epis the modulus of the introduced particles, CSZ.2"3
- Emis the modulus of the original matrix, LisPSsCI.
- fis the volume fraction of the particles.
The Reuss model is based on an equal stress assumption, with the two components deforming
in parallel under stress. The following equation 4.3 represents the Reuss model and was used

to calculate the lower bound of the composite modulus, Ec.2’

EC:<f (1-f)

—t
E, Enm

-1
) (eqn 4.3)
The upper and lower bounds for the modulus of the LisPSsCI-CSZ composite are shown in
figure 4.7a) below, alongside the experimentally measured modulus values. Figure 4.7a) shows

that the measured values are within the calculated upper and lower bounds values for modulus.

The rule of mixtures can also be applied to calculate upper and lower bound estimates for the
hardness.?’* Using the same Voigt and Reuss models, with the same respective strain and stress
assumptions, the following equations can be used to define upper and lower bounds. Equation
4.4 defines the VVoigt model for hardness, Hc.
H.= fH,+ (1 — f)Hy (eqn 4.4)

Where

- Hpis the hardness of the introduced particles, CSZ.2"

- Hmis the hardness of the original matrix, LisPSsCI.

- fis the volume fraction of the particles.

Equation 4.5 defines the Reuss model for hardness, Hc.
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The upper and lower bounds for the hardness of the LisPSsCI-CSZ composite are shown in
figure 4.7b) below, alongside the experimentally measured hardness values. Figure 4.7b) shows

that when considering the error bars for the measured values of hardness, they fall within the

calculated upper and lower bounds values for hardness.

a) Rule of Mixtures Model of Argyrodite-CSZ Modulus b) Rule of Mixtures Model of Argyrodite-CSZ Hardness
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Figure 4.7:The rule of mixtures prediction for a) modulus, b) hardness, using Voigt and Reuss models to define the upper and

lower bounds.

Figure 4.8 below shows a summary comparing both the intrinsic modulus and hardness values
for each different composition of LisPSsCI-CSZ sample. The error bars displayed on figure 4.8
represent a 95% confidence interval for the upper and lower bounds for the range of each

material property.

The trend displayed by figure 4.8a) shows initially as the volume percent of added CSZ
increases so does the modulus of the LisPSsCI-CSZ composite. This trend is observed from
pure LisPSsCl with a modulus of 37.8 + 0.8 GPa, up to a maximum modulus value of 51.2 +
2.0 GPa for LisPSsCl with 15% added CSZ. This trend can be explained by the strengthening

mechanism of load sharing.?’”® As the modulus of CSZ, ~ 225 GPa,?” is significantly higher
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than that of pure LisPSsCl, 37.8 GPa, it will resist elastic deformation more than LisPSsClI.
During the application of stress there will be a redistribution of load within the composite, with
more load carried by the CSZ with a smaller amount of strain. This means that the overall
composite material will deform less; hence the stiffness, and therefore the modulus, will
increase. However, for greater amounts of CSZ added, 20%, the modulus value falls off, 46.1
+ 1.1 GPa. Examining images of the sample surface shows that at this higher composition the
added CSZ nanoparticles have agglomerated, meaning they are no longer evenly distributed
throughout the sample. This uneven distribution means that under an applied stress, the load is
not effectively shared throughout the sample, therefore the overall resistance to deformation

will not be as great resulting in the observed decrease in modulus.

Figure 4.8b) shows that this trend in modulus is also be observed in the measured hardness
values, with hardness increasing from 1.62 + 0.04 GPa for pure LisPSsCl, up to 2.25 £ 0.14
GPa for 15% CSZ, and then as further CSZ is added hardness decreases to 1.91 + 0.07 GPa, for
20% CSZ. One mechanism to explain the increase in hardness is again the concept of load
sharing.?” The CSZ has a higher inherent hardness ~12 GPa,?”® therefore it will have a greater
resistance to plastic deformation than LisPSsCI. For up to 15% CSZ the particles appear well
distributed and will carry a significant portion of the applied load, therefore reducing the overall
stress on the LisPSsCl matrix. This reduces the amount of plastic deformation in the total
composite, leading to an increased hardness value. As mentioned previously the 20% CSZ was
not well distributed and formed agglomerates, meaning that the load was not well shared
between CSZ particles and LisPSsCl matrix, resulting in a decrease in hardness for increase in

volume percent CSZ.
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Another strengthening mechanism that aids to resist plastic deformation is transformation
toughening.?’%27" As discussed in section 4.3.1 CSZ was used as the zirconia is in its metastable
tetragonal phase, which under applied stress can undergo a martensitic transformation to
monoclinic phase zirconia particles; this phase change is known as transformation toughening.
The phase transformation is accompanied by a volume increase in the zirconia of ~3-5%, this
volume expansion generates a compressive stress around the transforming material and acts to
resist any plastic deformation. However, simply by introducing the CSZ particles does not
guarantee that transformation toughening will occur and the increase in modulus maybe simply
be from introducing a stronger composite material as explained above. To investigate whether
transformation toughening is occurring, a composite LisPSsCl sample with 20% zirconia (in its
monoclinic phase) was produced using the field-assisted-sintering process previously described
and tested using highload indentation. The aim being to compare the two 20% samples, one
with the CSZ and zirconia particles initially in the tetragonal phase and the other zirconia

particles in its monoclinic phase so no transformation (and therefore no toughening) would

Ooccur.
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Figure 4.8: Graph showing a summary of a) modulus, b) hardness values for different LisPSsCI-CSZ composites.

The modulus and hardness values for the LisPSsCIl-20% zirconia sample, were calculated from
the indentation data following the same procedure as described a 2.6.2. Figure 4.8a) shows a
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lower modulus, 42.5 + 1.3 GPa, when compared to the LisPSsCI-20% CSZ sample, 46.1 £ 1.2
GPa. This comparatively higher modulus for the LisPSsCI-20% CSZ sample could be evidence
that the sample is undergoing transformation toughening, and the compressive stress generated
by the transformation effect is enhancing the stiffness. However, this difference in indentation
modulus between the samples could also be caused by the initial difference in the elastic
modulus of the compositing particles, CSZ and zirconia respectively. The zirconia particles
have a lower elastic modulus (~205 GPa) than CSZ,?’® suggesting that less load sharing would
occur; therefore it would be expected that the LisPSsCl-zirconia composite will have a lower
modulus than the composite. Using the rule of mixtures model, the ~9% decrease in the pure
zirconia modulus compared to the CSZ modulus, should only lead to ~1-2% difference in
modulus when comparing 20% composite samples of LisPSsCl-zirconia and LisPSsCI-CSZ.
However, the results when comparing the two composites is a ~8% difference in modulus,
which is greater than the difference expected if purely caused by the inherent material properties
of each respective compositing material; suggesting that some additional stiffness maybe be

occurring in the LisPSsCI-CSZ due to transformation toughening.

In figure 4.8b), the hardness for 20% LisPSsCI-CSZ, 1.91 + 0.07 GPa, is slightly higher than
that of the LisPSsCl-zirconia composite, 1.86 + 0.05 GPa. This increase in hardness can be
explained by the compressive stresses caused by the phase transformation leading to an
improved resistance to plastic deformation, and therefore could evidence transformation
toughening. An alternative explanation is that the lower hardness of zirconia (~11 GPa) resulted
in less of the load being able to be shared in the LisPSsCl-zirconia sample. There is a ~2.6% in
the hardness measurements of the 20% composites, using the rule of mixtures the ~9%
difference between the inherent hardness of CSZ and zirconia respectively, could be responsible

for up to a ~5% difference in the hardness between the 20% composites, therefore accounting
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for the difference in hardness seen. However, the difference in the values is small and the
confidence intervals of both measured hardness values overlap, meaning that it cannot be said

with confidence that the difference in these values is significant.

Transformation toughening mainly aids with resisting plastic deformation, in particular the
generated compressive stresses work to hinder crack propagation. In section 4.4.2 fracture
toughness of the samples is measured to investigate further as to whether transformation

toughening is occurring.

4.4.2 Indentation Fracture Toughness Results

Once a lithium dendrite has initiated a crack, failure by short-circuit can occur if the crack
penetrates throughout the whole thickness of the solid electrolyte, allowing the lithium dendrite
to transverse from anode to cathode. The driving mechanism for crack propagation is the
hydrodynamic pressure build up caused by the lithium plating into the crack, creating a resultant
stress field at the dry crack tip. By modelling the stress field, the strain energy release rate
(energy available to drive the crack) can be calculated.?®® For the crack to propagate the strain
energy release rate must exceed the fracture criterion of the solid electrolyte which is an
intrinsic material property dependent on the modulus, hardness and fracture toughness. Due to
the air-sensitive nature of LisPSsCl and sulphides more generally, no experimental
measurements of fracture toughness exist in the literature. As conventional toughness testing
methods were not possible, a pioneering testing method using highload indentation using a cube
corner tip was used to conduct the experiments; providing the first experimentally measured
value of fracture toughness of LisPSsCl. A summary of solid electrolyte fracture toughness

values produced by Kalnaus et al. with values sourced from both experimental and theoretical
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measurements, is shown in figure 4.11b). The fracture toughness value for LisPSsCl,
represented by a green square, is overlaid on this graphic, showing that the experimentally

measured value fits in well amongst other values.?”

If propagation of the crack can be restricted, then the lithium dendrite will be unable to traverse
the solid electrolyte therefore preventing failure by short circuit. By increasing the fracture
toughness of the solid electrolyte, resistance of crack propagation will also increase. As
described in section 4.3.1 LisPSsCI-CSZ composites were manufactured, with the aim to

improve the mechanical properties; especially the fracture toughness.

Indentation was carried out as described in section 4.3.4 and images of the post indentation sites
are shown in figure 4.9. An example of a cube corner indent is shown figure 4.9a), the radial
cracks were measured using the software ImageJ and fracture toughness calculated using the
LEM equation.??® Due to the sharp geometry of the cube corner tip, at higher loads fracture also
occurred via other crack systems, such as chipping. Figure 4.9b) shows a 400 mN indent with
chipping being the dominant crack system by which fracture occurred. For the LEM equation
to be valid fracture must occur by radial cracking only,?2°226 therefore any indents that showed
chipping were not used for this investigation; this resulted in mostly the 100 and 200 mN

indents being used.
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Figure 4.9: Post indentation images of 99% dense LisPSsCl a) 100 mN cube corner indent, showing radial cracks emanating

from the corners, b) 400 mN cube corner indent, showing significant chipping, demonstrating presence of an alternate
fracture mechanism, c) a digitally constructed 3D image to demonstrate minimal pileup is observed surrounding a 100 mN

cube corner indent, d) a colour map which shows the degree to which pileup occurred surrounding a 100 mN cube corner

indent.

Using this method of cube corner indentation and LEM model, the fracture toughness of all the
LisPSsCI-CSZ composites was investigated. Figure 4.10 shows example indentation sites post
a 200 mN cube corner indent for each LisPSsCI-CSZ composite. The figure shows a change in
the microstructure as the volume of CSZ increases; with increasingly lighter regions seen on
the SEM images of the surface corresponding to an increased presence of CSZ particles. Figure
4.10 also shows that as the volume of CSZ increases (up to 15% CSZ) the residual indent

impressions and the length of radial cracks decrease in size and length respectively.
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Figure 4.10: SEM images of the LisPSsCI-CSZ composite microstructures and the residual indentation impression following a

200 mN cube corner indent for a) pure LisPSsCl, b) 2% CSZ, c¢) 5% CSZ, d) 10% CSZ, e) 15% CSZ, f) 20% CSZ.

CSZ has a higher fracture toughness (~13 MPa.m%®) than pure LisPSsCl, measured to be 0.669
+ 0.033 MPa.m®%, which means that it is a significantly tougher material. Adding the tougher
CSZ particles to the existing LisPSsCl matrix can significantly increase the fracture toughness
as shown in figure 4.11a), through mechanisms such as crack deflection or transformation
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toughening. The figure shows an increasing trend in fracture toughness as the volume percent
of CSZ increases, up to 0.834 + 0.027 MPa.m®® for 15% LisPSsCI-CSZ. For this section of
data, a linear fit (demonstrated by the pink line of figure 4.11a) can be used to draw a
proportional relationship between the volume percent of CSZ added and the measured fracture
toughness. The goodness-of-fit was measured to be 0.94 using the adjusted R-square method,
this is a high value indicating that this proportional relationship can be drawn with a degree of

confidence.

One toughening mechanism that could explain this observed increase in fracture toughness is
crack deflection. As a crack propagates through the LisPSsCl, if it encounters a tougher CSZ
particle the crack will likely deflect to go around the particle; this increases the overall crack
length, therefore more energy is needed for the crack to propagate.?®® Another toughening
mechanism is crack bridging, where the tougher CSZ particles can act to bridge the crack faces;
therefore, increasing the energy required for the separation of the crack faces, slowing down
the crack growth.?! Both of these toughening mechanisms require small and evenly disturbed
CSZ particles, as this increases the possible interaction area of the crack with the tougher
particles. For the 20% LisPSsCI-CSZ composite the fracture toughness falls off slightly to 0.818
+0.028 MPa.m®. Despite the decrease only being small in value, it quite significantly falls off
the proportional trend, pink line in figure 4.11a), observed for 0-15% added CSZ. An
explanation for this could be the poor distribution of CSZ particles, as stated in section 4.4.1.3
for the 20% LisPSsCI-CSZ the particles appear to have agglomerated, forming bigger particles
and not uniformly distributed. This would reduce the effect of the toughening mechanisms such

as crack deflection and crack bridging, resulting in the observed decrease in fracture toughness.
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The observed increase in fracture toughness of the LisPSsCI-CSZ below 20% could also be
explained by transformation toughening. As discussed previously in 4.4.1.3, CSZ contains
stabilised zirconia which exists in a metastable tetragonal phase. Following crack propagation
through the LisPSsCI-CSZ composite, the stress field around the crack tip can instigate a phase
transformation of the metastable zirconia from the tetragonal phase to monoclinic phase, which
IS more stable. This phase transformation is accompanied by a volume expansion of ~3-5%,
creating a compressive stress around the crack tip (transforming region); this stress acts to close

the crack tip, therefore restricting further crack propagation.

As mentioned in section 4.4.1.3, the presence of CSZ particles does not guarantee the phase
transformation, and resultant toughening effect, will occur. To investigate as to whether the
transformation toughening effect is present fracture toughness of LisPSsCl-20% CSZ and
LisPSsCI-20% zirconia samples were compared. As figure 4.11a) shows the fracture toughness
for the LisPSsCI-20% zirconia sample is lower, 0.786 + 0.028 MPa.m®°, This comparative
decrease could be taken as evidence that transformation toughening is occurring in the sample
with CSZ to produce a higher fracture toughness for the same volume of particles. The addition
of either CSZ or zirconia particles will cause toughening to occur via mechanisms such as crack
deflection and crack bridging. Therefore, the increased fracture toughness for the LisPSsCl-
20% CSZ could be due to transformation phase change of the CSZ particles. Overall there is
insufficient evidence to say with that transformation toughening is either occurring or not
occurring with any degree of confidence, further investigation such as the use of high resolution

TEM is needed to able to draw a conclusion on the presence of transformation toughening.
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Figure 4.11: a) Fracture toughness-volume of added composite material graph, derived proportional relationship is
represented by the pink line, b) Experimentally measured fracture toughness value of LisPSsCl, green square, overlaid on solid

electrolyte fracture toughness summary figure produced by Kalnaus et al.?’

4.4.3 Cantilever Bending Results

Figure 4.12: a) shows image of indenter applying load to cantilever, b) shows image of cantilever after fracture

The model of crack inhiation requires the fracture criterion of the solid electrolyte to be
exceeded by the hydrodynamic pressure build-up of the lithium dendrite.?®* Due to the air-
sensitive nature of LisPSsCl conventional fracture measurements were not possible, therefore a

novel testing procedure of microcantilever bending was used to determine the local fracture
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stress of the solid electrolyte. An example of the testing procedure is shown in above figure

4.12 and an example load displacement curve shown below in figure 4.13a).

The cantilever testing was carried out on four samples with different densities, produced by
sintering at different temperatures as described in section 4.3.1. The microcantilevers were
created by using FIB milling (ZEISS Auriga FIB-SEM) using the procedure described in

section 4.3.5, and the bend tests themselves following the method in section 4.3.6.

The load-displacement curve of an example microcantilever bend test is shown by figure 4.13a).
The curve is approximately a straight line, showing that cantilever was deforming elastically as
the load was applied until the point of fracture. The fracture point is identified by the sharp
decrease in load as the displacement continues to increase. The load value at this point is taken

to be the load required for fracture, P;. Using equation 4.6 the fracture stress, o, for each

cantilever was calculated.

PcL
O =~ (eqn 4.6)

Where
- L. is the distance between loading point and crack.
-y isthe vertical distance between the upper surface and neutral plane.
- I is the second moment of area.
The values of y and I were calculated for a pentagonal cantilever as shown by Chen et al.?%

More details can be found in section 2.6.4.3.

Multiple cantilevers were tested for each sample and the mean of the calculated fracture stress

values for each sample are displayed on figure 4.13b). The figure shows a trend of increasing
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fracture stress as the relative density increases. The increase in fracture stress appears to
increase by a greater amount at higher densities, leading to deduction that there could be an
exponential relationship between density and fracture stress. Figure 4.13c) show a possible
exponential trend, with a goodness-of-fit reduced chi-square result of 0.61. This would usually
be considered a good fit and mean the exponential trend accepted, however, as the sample size
is quite small the goodness-of-fit should be viewed with caution. More fracture stress
measurements at different densities are need to draw a strong conclusion about the exact nature
of the fracture stress-density relationship. In summary, it can only be observed with confidence
that increasing the density will increase the fracture stress. Therefore, to reduce the likelihood

of crack initiation, solid electrolytes with higher relative densities should be manufactured.
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Figure 4.13: a) Load-displacement curve for cantilever C of pure LisPSsCl, field assisted sintered at 400 °C, b) Histogram
comparing the calculated values of fracture stress for different density LisPSsCl, c) a graph showing the exponential

relationship between fracture stress and relative density.

4.5 Conclusion

The highly air-sensitive nature of LisPSsCl necessitated the development of innovative testing
techniques to investigate the mechanical properties of the solid electrolyte. The research shows
that the method of field assisted sintering can be used to densify the LisPSsCIl powder into solid
electrolyte discs with relative density 99%. This increase in density was accompanied by a

significant improvement in the measured modulus and hardness mechanical properties, which
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resulted in an increase in electrochemical performance. The investigation into local fracture
stress using a pioneering micro-cantilever testing procedure provided the experimental
evidence required for a model explaining dendrite initiation to be established. Further
experimentation led to the conclusion that a higher density solid electrolyte, therefore
containing lower porosity and fewer flaws, would increase resistance to dendrite penetration,

thereby improving its resistance to short circuit failure.

The fracture toughness of the highly air-sensitive LisPSsCl is characterised for the first time
using an original experimental approach. This result was able to provide experimentally
measured mechanical properties that evidence a model for crack propagation within the solid
electrolyte. To hinder crack propagation the fracture toughness of the solid electrolyte must be
improved, this chapter demonstrates how introducing secondary phase nanoparticles with
greater mechanical properties can produce a well bonded composite material that improves the
fracture toughness of the solid electrolyte; with the results show that a 15% LisPSsCI-CSZ
composite had the highest fracture toughness. Also investigated was the presence of
transformation toughening using when using CSZ as the secondary phase. The results suggest
that there may be some transformation toughening present but no definitive conclusion can be
drawn from the existing data. Further mechanical investigation of other CSZ and Zirconia
composite samples, via high resolution TEM, is required to confirm whether this effect is due

to a transformation toughening mechanism from the CSZ introduced to the matrix.
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5. Chapter 5 Fatigue

5.1 Aim

Throughout this thesis the overarching theme has been how identifying and then improving the
mechanical properties of the solid electrolyte can help progress the development of the ASSB.
In the literature there are many SEs that show very promising electrochemical performance,
including LisPSsCl. However, the values cited are determined from tests that are not
representative of the environments and conditions that an actually functioning ASSB will
undergo.?% One aspect in particular is cycle lifetimes, with ASSBs expect to complete 1000s
of cycles and critical current density tests often performed for a single charge/discharge cycle.
Thus far all mechanical testing in this thesis has been single event, i.e. an indent or the
maximum fracture stress, and the repeated nature of charging/discharging cycles not yet

considered.

This cyclical nature brings the effect of material fatigue into consideration. As discussed in
previous chapters the dendritic failure of an SE occurs by crack initiation and crack propagation
mechanisms; with the mechanical properties of the SE dictating the ease at which dendrites can
form. Having demonstrated the mechanical nature of the dendritic failure issue, it necessitates
investigation into the issue of cyclical mechanical loading of the SE, to explore the effects of
fatigue on the SE ceramic. An innovative mechanical testing regime was designed using an in-
situ nanoindenter and microcantilevers to simulate the mechanical stress experienced within an
SE during electrochemical cycling. The results of this research hope to inform and influence

new mechanical requirements and considerations when designing an SE for the ASSB.

153|Page



5.2 Introduction

The electrochemical cycling of the ASSB causes the evolution of stress and strain to occur
within the solid electrolyte (SE), due to a volume change caused by the lithium plating/stripping
process that occurs during charging/discharging respectively.?8228% |n single event mechanical
characterisation testing this evolution of stress is not an issue. However, the successful ASSB
Is expected to undergo several 1000s of charge/discharge cycles; these cyclic stresses applied
to the SE will affect the mechanical longevity of the ASSB and could cause failure through a
fatigue crack. A fatigue crack refers to the fracture of a material subjected to repeated or cyclical

applied stress that is below its fracture stress.?®

As established in the previous chapter, a dendrite will only grow once a crack has been initiated
at a surface defect, and for the crack to initiation the local fracture stress criterion must be
exceed. The fatigue behaviour caused by the cyclic charging/discharging stresses within the
SE, leads to plastic deformation occurring around the surface defects and weakens the material.
This lowers the localised stress criterion for fracture to occur in the material, meaning that a
crack can initiate at a lower stress, known as a fatigue crack.? Previously CCDs for SEs have
been calculated and recognised as the limit for which failure due to the lithium dendrite
penetration occurs. The stress applied to the SE during cycling is proportional to the current
density charging/discharging rate. Therefore, if the ASSB charging/discharging occurs below
the CCD, then respective mechanical stress criterions required for dendrite initiation and
propagation will not be exceeded. However, if the SE undergoes fatigue during the ASSB
cycling and the material becomes weaker, then the initiation and propagation stress criterions
will decrease meaning that it will be possible for dendritic failure to occur at current densities
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lower than the CCD. Therefore, it is imperative to understand the fatigue effects of repeated
cell cycling on SE materials. Two different SEs were used to investigate the fatigue properties
of the ASSB, Lis.sLasZri14Taos012 and LisPSsCl. Using the fully enclosed Ar-glovebox, SEM
and nanoindenter setup, combined with novel testing procedures it was possible to replicate the
applied cyclic stress, in an air-sensitive environment, and investigate the fatigue crack

properties in a localised area of both materials.

5.3 Experimental

5.3.1 Manufacture of the LissLaszZri14TaosO12 Sample

The sample was prepared with the help of Marco Siniscalchi. All procedures, including pressing
and sintering, were performed inside an Ar-filled glovebox (O2 and H20 levels < 1 ppm). The
Lis4lasZri4TaosO12 sSample was made using LissLasZri4Taos012 solid electrolyte powder that
was purchased from MSE Supplies — Ampcera. The purity of the powder was >99.9%, the

average particle size was ~1 pm, and the powder distribution was D50.28¢

Field assisted sintering was used to prepare the LisslasZri4TaosO12 sample, the
LisslasZri.4Taos012 solid electrolyte powder was loaded into a graphite die set, cold pressed
and then placed into a spark plasma sintering system (FCT Systeme GmbH). Field assisted
sintering was then carried out at 1200 °C for 5 minutes, under a uniaxial pressure of 50 MPa

whilst under vacuum, by passing an electrical current through the die set.
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5.3.2 Preparation of the LissLazZri14TaosO12 Sample

The LisslLasZri.4TaosO12 sample was approximately disc-shaped, measuring approximately 5
mm in diameter and approximately 1 mm in thickness. The sample was kept in an Ar filled
glovebox (O2 and H20 concentrations < 1 ppm), the sample was polished using successively
finer SiC paper, using grits of 400, 600, 800, 1200, 2500 and 4000. The final polishing step
involved using a diamond lapping film to polish the surface down to 1 pum. When typically
preparing a flat surface for nanoindentation testing there are several other subsequent steps that
follow to achieve a completely smooth surface,?*® due to the air-sensitive and moisture-sensitive
nature of the samples none of these further polishing steps were possible. The sample was then
mounted onto a custom aluminium pin stub 6 mm in diameter, with a pin length of 3.5 mm. An
electrically conductive two-part silver epoxy was used to fix the sample to the pin stub. As the
temperature of the glovebox was usually around 15 °C, the epoxy was left to cure for at least
12 hours. The sample was then transferred to the custom glovebox, SEM and indenter set up,
where the SEM opens up directly into the glovebox enabling airless transfer. In this glovebox
a final polishing step, again with diamond lapper paper was performed, to achieve the best
surface finish possible. After this final polishing step the sample surface was smooth and

somewhat reflective to light.

5.3.3 Manufacture of the LisPSsCIl Sample

The sample was prepared with the help of Dominic Melvin. All procedures, including pressing
and sintering, were performed inside an Ar-filled glovebox (Oz and H20 levels < 1 ppm). All
LisPSsCl samples were made using LisPSsCl solid electrolyte powder that was purchased from
MSE Supplies — Ampcera. The purity of the powder was >99.9%, the average particle size was
~1 pm, and the powder distribution was D50.7®
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To prepare the sample field assisted sintered sample, the following method was used. LisPSsCl
solid electrolyte powder was loaded into a graphite die set, which was then placed into a spark
plasma sintering system (FCT Systeme GmbH). Field assisted sintering was then carried out at
400 °C for 5 minutes, under uniaxial pressure of 50 MPa whilst under vacuum, by passing an

electrical current through the die set.

5.3.4 Preparation of the LisPSsCl Sample

The LisPSsCl sample was approximately disc-shaped, measuring approximately 5 mm in
diameter and approximately 1 mm in thickness. The sample was kept in an Ar filled glovebox
(O2 and H20 concentrations < 1 ppm), the sample was polished using successively finer SiC
paper, using grits of 400, 600, 800, 1200, 2500 and finally 4000. When typically preparing a
flat surface for nanoindentation testing there are several other subsequent steps that follow to
achieve a completely smooth surface,?*® due to the air-sensitive and moisture-sensitive nature
of the samples none of these further polishing steps were possible. The sample was then
mounted onto a custom aluminium pin stub 6 mm in diameter, with a pin length of 3.5 mm. An
electrically conductive two-part silver epoxy was used to affix the sample to the pin stub. As
the temperature of the glovebox was usually around 15 °C, the epoxy was left to cure for at
least 12 hours. Each sample was then transferred to the custom glovebox, SEM and indenter set
up, where the SEM opens up directly into the glovebox enabling airless transfer. In this
glovebox a final polishing step, again with 4000 SiC grit paper was performed, to achieve the
best surface finish possible. After this final polishing step the sample surface was smooth and

somewhat reflective to light.
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5.3.5 FIB of Cantilevers

Pentagonal micro-cantilever beams were milled using a ZEISS Auriga FIB-SEM system with
a gallium ion (Ga") source.?*>?%5-267 Each sample was prepared, polished and mounted inside
an Ar filled glovebox, using the steps outlined in section 5.3.2 and 5.3.4 respectively. Each
mounted sample was loaded into a Semi Labs Transfer Shuttle, whilst still inside an Ar filled
glovebox, to allow for an airless transfer into the FIB-SEM. Using the gallium FIB, three
overlapping rectangular trenches 10 um deep were milled using a beam current of 16 nA to
create a cantilever approximately 32 x 7 um. Using a large beam current allowed faster milling
but did not produce vertical sides due to the lower precision associated with a large beam tail.
Using a beam current of 2 nA and three overlapping trenches of 8 um depth, produced a
cantilever of dimensions 30 x 5 pum with vertical sides. To achieve the desired depth in each
sample a different number of doses (passes) by the beam current was used, with an approximate
ratio of 3:2 for Lis.aLasZri1.4Taos012:LisPSsCl. To form the base of the cantilever, the sample
was tilted 45° (about the long axis of the cantilever), and using a beam current of 2 nA an
approximately 5 um deep trench was milled away. The cantilever was then rotated and this
same milling procedure was carried out on the other side, to produce a cantilever that had a
symmetrical pentagonal cross section. The target dimensions are shown in figure 5.1. The SEM
was used to capture images after the milling of the cantilever was complete, to measure and

record the dimensions of the cantilever.
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Figure 5.1: a) Schematic to demonstrate the shape of pentagonal cantilever to be milled and positioning of indenter tip, b)

SEM image showing microcantilever of LisPSsCl with the ideal target dimensions.

5.3.6 Testing of Cantilevers

Testing of the prepared microcantilevers was carried out using the Bruker-Hysitron P189 in situ
nanoindenter; the nanoindenter mounted to the five-axis stage of the SEM. The Semi Labs
Transfer Shuttle was used to ensure an airless transfer into the glovebox connected SEM and in
situ indenter. The indenter was used in the lowload mode configuration and with an electrically
conductive diamond cube corner instrumentation tip (Bruker-Hysitron). By using the sharper
cube corner tip this allowed for greater visibility when positioning the indenter so that indenter
tip could be accurately placed at a known distance from the fixed end and in the center-line of
the cantilever. Before each indent, the thermal drift rate was measured when in contact with the
sample, over 40 s using a preload of 5 uN, and corrected for. Using the Hysitron displacement
controlled close-loop feedback mode, the cantilever was loaded to an initial set maximum
displacement over a time duration of 4 s, held at this set maximum displacement for 1 sec,
unloaded to half of the set maximum displacement over a time duration of 2 s, and held at the
half of the set displacement for 1 second. This loading cycling was then repeated until either

failure had occurred by fracture, or 1000 cycles had passed without any significant change in
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applied load. An example of the cycling load-displacement curve of a tested microcantilever is
shown in figure 5.2 with an R-ratio of 0.5 used for testing. The R-ratio in fatigue testing is
defined as the ratio between the maximum and minimum applied stress or strain in a loading
cycle. The fracture initiation point was identified by a significant decrease (>0.1%) in measured
stiffness of the cantilever, the stiffness was calculated from the measured load-displacement
data, specifically upper portion of the unload cycle using the method set out in 2.6.2.1. The
measured load and known dimensions of the cantilever were used to calculate the stress on each

cantilever.

Example Displacement-Time Fatigue loading curve
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Figure 5.2:Example displacement-time graph showing the cyclical loading of the sample micro-cantilever.
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5.4 Results and Discussion

5.4.1 Cycling of the LisslLazZr14TaosO12 Cantilevers

Following method set out in section 5.3.6 and similarly to the cantilever testing in the previous
chapter, 24 LisslLasZr1.4TaosO12 cantilevers were made using FIB and then subjected to cyclic
fatigue testing using nanoindentation. Lis.aLasZr1.4TaosO12 was initially used for fatigue testing
to help develop this novel air sensitive cyclic microcantilever testing as it has a reasonable
stability should any air exposure occur and it is mechanically relatively stiff (modulus ~ 220
GPa); both these qualities made for easier navigation of this new and challenging testing
procedure. Initially four single event (one loading half cycle) tests to were carried out to find
the maximum fracture stress of a Lis.aLasZr1.4TaosO12, and then used to determine a suitable
displacement testing range. From the single event tests the average maximum fracture stress of
a LisslasZri.4TaosO12 was calculated, using the method in section 2.6.4.3, to be 1090 + 160
MPa, and a minimum displacement depth of 1703 nm for the weakest cantilever. Directed by
this initial information cyclic testing was then carried out on the remaining 20 cantilevers with

different set maximum displacements ranging from 400 to 1000 nm.
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541.1 Demonstrate Loading and cracking of a Cantilever

Example Displacement-Time Fatigue loading Cycle

d)

Displacement (nm)

—— Load

Top Hold
Unload
Bottom Hold
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Figure 5.3: Shows an LissLasZr1.4TaosO12 cantilever in various stages of the fatigue testing cycle, a) loading, b) hold at the
top of the cycle, ¢) unloading. d) Figure to show the corresponding sections of the nanoindenter applied fatigue testing cycle.
e) show a crack that has grown at the fixed end of this tested cantilever after repeated physical cycling.

Figure 5.3 above gives a visual in-situ demonstration of how the different stages of the testing
cycle physically correspond to the bending of the cantilever. This cantilever was subjected to a
maximum displacement of 800 nm and cycled with an R-ratio of 0.5. The maximum stress
experienced at the top of the fixed end of the cantilever was calculated to be 350 MPa, which
is approximately three times lower than the average fracture stress required for a single loading
test of a Lis.4LasZr1.4Taos012 cantilever, yet figure 5.3e) demonstrates that at even significantly
lower applied stresses it is still possible for a crack to form near the fixed end of the cantilever,

which in an ASSB could lead to dendritic failure as described in chapter 4.
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5412 Cyclic Fatigue Testing and Slow Crack Growth

This asks the question as to how a crack can form and grow despite the applied stress not
exceeding the respective criterions for crack initiation and propagation. One mechanism which
could enable the observed cracking is cyclic fatigue; specifically fatigue cracking and fatigue
crack growth. Cyclic fatigue is a mechanism by which a material that is subjected to recurring
cycles of applied stress can lead to failure. Even though the applied stress is relatively low, the
repeated nature over a long period of time can cause cracks to form and develop with in the
material. Under cyclic loading the typical toughening mechanisms introduced, such as
composites and transformation toughening, are themselves subject to fracture and wear

resulting in increased loading at the crack tip and subcritical crack growth.?8’

The process by which cyclic fatigue can lead to crack growth starts with the initiation of the
crack. In the prepared LisslLasZr14TaosO12 solid electrolyte the relative density very high and
was greater than 99%, however this still leaves some porosity within the material. Given the
added challenges of surface preparation for the highly air-sensitive SEs it is highly likely that
some form of existing defect may be found on the surface e.g. a pore or a surface scratch. At
the site of this pre-existing material defect, the repeated cyclic stress can result in the nucleation
of a crack. The cycle number at which the relative stiffness of the cantilever had decreased by
more than 0.1% of its initial value was used to determine the point of crack initiation during
analysis of the cantilever.?®® Following initiation, each subsequent applied stress cycle causes
incremental growth in the crack, known as slow crack growth. The rate of this slow crack
growth is determined by factors such as the stress intensity factor, the environmental conditions
and the fundamental material properties itself. Finally, complete fracture occurs when the crack
has grown to a critical size and the remaining material cannot withstand the applied cyclic

stress. This leads to catastrophic failure of the material, complete propagation of the crack tip,
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and ultimately to fracture of the cantilever. The cycle number at which the relative stiffness of
the cantilever had decreased by more than 1% of its initial starting value was used to determine
the point of final fracture failure (complete crack propagation) during analysis of the

cantilever.288

5.4.1.3 Fracture Analysis of the LigslasZri4TagsO10 cantilevers
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Figure 5.4: a) shows crack growth of the failed LisslLasZri4TaosO12 cantilever "H’ post cycling, b) magnified image showing
the crack in the cantilever, c) two different fracture surfaces can be observed at the fixed end of the failed cantilever, d) the
measured stiffness values calculated from each unload cycle of the cantilever and the criteria for crack initiation and complete
propagation.

As described in section 5.4.1.2, a cyclically applied low stress can cause fatigue crack growth

and failure. Cantilever ‘H’ is depicted in figure 5.4 and the initial cyclical applied stress was
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410 MPa; as shown in figure 5.4a) & b) a crack has formed despite the significantly lower
cycling stress. Figure 5.4d) shows the trend in stiffness decreases as the number of cycles
increases, and the points of crack initiation (cycle 228) and complete crack propagation (cycle
396). The graph shows that once the crack has initiated there is a steady decrease in stiffness,
this suggests that the conditions are suitable for slow incremental crack growth. Towards the
end of the graph, the stiffness of the cantilever rapidly decreases suggesting that the crack is
now propagating much faster. This is also evidenced by the two different fracture surfaces seen
in figure 5.4c) and highlighted by the purple and yellow circles respectively, this is explained

in further detail below.

Figure 5.5 below again shows that cantilever ‘C’ cycled at a much lower stress (340 MPa) than
the initially determined fracture stress for a Lis4LasZr1.4TaosO12 cantilever. Figure 5.5d) again
shows the trend in stiffness decreases as the number of cycles increases; it also shows a
significant decrease in stiffness near the point of complete crack propagation. Figure 5.5a)
shows the fracture surface of the failed cantilever and figure 5.5b) shows the fracture surface
of the corresponding fixed end. Similarly to figure 5.4c), two different fracture surfaces appear

to be present in figure 5.5a) & b), highlighted by purple and yellow circles in 5.5a).

The areas highlighted by the purple circles have a rough surface finish, with material protruding
different amounts at different depths. This surface texture indicates that there has been slow
crack growth through this portion of the cantilever and that the crack has propagated
incrementally with each cycle. In particular figure 5.5b) has some evidence of lateral crack
geometries, showing a tortuous crack path, further indicating slow crack growth. The areas
highlighted by the purple circles likely correspond to the portion of the stiffness graphs between

the “initiation” and “propagation” lines on figures 5.4d) and 5.5d) respectively. The areas
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highlighted by the yellow circles in both figures, by contrast appear relatively smooth and much
flatter. This is indicative of a much faster crack propagation and a relatively brittle fracture
where the crack tip has traversed the rest of the cantilever in a very few cycles. The areas
highlighted by the yellow circles likely correspond to the portion of the stiffness graphs after

the “propagation” line on figures 5.4d) and 5.5d) respectively, representing the areas at which

complete crack propagation has occurred.
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Figure 5.5: &) shows fracture surface of failed LissLasZri4TaosO12 cantilever 'C’ post cycling, b) magnified image showing
fracture surface of cantilever fixed end, c) fracture surface of the fixed and the failed cantilever stuck to the indenter tip, d) the
measured stiffness values calculated from each unload cycle of the cantilever and the criteria for crack initiation and complete

propagation.
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In both cantilevers ‘H’ & ‘C’ the rough surface demonstrates a tortuous crack path and is
evidence of slow crack growth. Slow crack growth refers to the time dependent process by
which a crack propagates slowly over time under cyclically applied stress.?®° The interaction
between the crack tip and the surrounding material/environment affects the rate of crack
growth, particularly prevalent in oxide ceramics. The presence of porosity and other defects in
the material can act as stress concentrators, which can accelerate crack propagation. The
inherent material toughness and strength of a ceramic also affects the resistance to crack
propagation; with increased toughness and higher strength acting to delay crack initiation and
propagation.?®® The Lis4LasZri14TaosO12 cantilevers have relatively low porosity (< 1%),
relatively high mechanical properties (modulus > 220 GPa), and the highly reactive nature of
oxide ceramics all suggest that slow crack growth due to fatigue behaviour can be seen in both

figures 5.4 and 5.5.2%°

The two examples above both demonstrate how cycling at significantly lower relative stresses
can give the right fatigue conditions for slow crack growth. The following two examples again
show failure due to cyclically applied relative low stress however, there is not apparent evidence
of slow crack growth. Figures 5.6b) & ¢) show magnified images of the post fracture surface
of the fixed end of cantilever ‘E’. The fracture surface appears to be relatively smooth and flat
across the entire face with no surface roughness that would indicate slow crack growth.
Cantilever ‘E’ was cycled at an initial stress of 500 MPa, which is still significantly lower than
the calculated cantilever fracture stress but is ~ 20% greater than applied stress in the cantilevers
‘H & C’ that demonstrated slow crack growth. Figure 5.6d) again shows the decrease in
stiffness as number of cycles increases, however it shows a comparatively greater rate of
stiffness decrease than cantilevers ‘H & C’ as well as a fewer overall cycles before failure. This

indicates that, once the crack had been initiated, the increased applied cyclic stress causes the
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crack growth (propagation) to occur faster through and as a result the cantilever failed after a

lower number of cycles. The faster crack propagation has led to a smoother fracture surface

being produced post cantilever failure as shown in figures 5.6b) & c).
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Figure 5.6: a) the fractured fixed end and the remaining failed Lis.sLasZr1.4TaosO012 cantilever ‘E’, b) magnified side-on image
of the fracture surface of the fixed end, ¢) magnified front-on image of the fracture surface of the fixed end, d) the measured
stiffness values calculated from each unload cycle of the cantilever and the criteria for crack initiation and complete
propagation.

Figure 5.7a) also shows the very smooth and flat post fracture surface of the fixed end of
cantilever ‘I’. Cantilever ‘I’ was cycled with an initially applied stress of 520 MPa and figure
5.7b) shows that cantilever ‘I’ failed in a relatively few number of cycles, with a steep drop in

stiffness through both the “initiation” and “propagation” criteria. This severe drop in stiffness

when considered with the very smooth fracture surface, suggests that the initiation and complete
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crack propagation happened possibly even within the same cycle. Similarly to cantilever ‘E’,
this again demonstrates that cyclical fatigue can cause failure to occur below the critical fracture

stress; and that it can occur quickly in a brittle fracture manner without any observed slow crack

growth.
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Figure 5.7: a) magnified front-on image of the fracture surface of the fixed end, b) the measured stiffness values calculated

from each unload cycle of Lis4lLasZr14TaosO12 cantilever 7’ and the criteria for crack initiation and complete propagation.

5414 Cyclic Fatigue Results

Due to the difficult nature of performing air-sensitive in-situ microcantilever testing of the 24
prepared cantilevers, 19 were successfully tested and the results for each cantilever shown in
figure 5.8 below. Given the tests were carried out in displacement control, the strain amplitude
for each test was calculated using the equation put forward by Yamaguchi et al. (2020) for
pentagonal microcantilevers.?®® Figure 5.8a) shows the number of cycles at which a crack was
deemed to have initiated and figure 5.8b) the number of cycles at which complete crack
propagation had occurred, both determined by the previously laid out criteria. Figure 5.8¢)
shows both trends of strain amplitude vs number of cycles on the same graph, which allows for

comparison of the number of cycles between crack initiation and propagation. As the test was
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displacement controlled the strain remains constant between the point of initiation and the point

of complete crack propagation.

a) Graph of Strain Amplitude vs No. Cycles for Crack Initiation b) Graph of Strain Amplitude vs No. Cycles for Crack Propagation
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Figure 5.8: Graph of strain amplitude against a) number of cycles for crack initiation, b) number of cycles for complete crack
propagation in Lis.4LasZr14TaosO12 cantilevers, c) Both trends are displayed on the same axes to compare the number of cycles

between initiation and propagation.

The curves in figure 5.8 show the same trend, as the strain amplitude on each cantilever
decreases, the number of cycles to respective crack initiation and full crack propagation

increase. In particular figure 5.8c) shows that at lower strain amplitude the number of cycles
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between crack initiation and complete crack propagation also increases. This is in agreement
with the fatigue crack growth mechanism, where the rate of crack propagation is determined by
the size of the stress concentration driving the crack tip, which in of itself is linked back to the

strain amplitude.

Given the stress concentration is a key driver for crack tip propagation it is important to consider
the relationship between stress and the number of cycles at points of crack initiation and
complete crack propagation, both are shown in figure 5.9. Figure 5.9a) shows the trend that the
cantilevers with the initially lower cyclical stress required more cycles for a crack to initiate,
supporting the previous trends displayed above and the fatigue failure mechanism. Figure 5.9b)
also shows a similar trend in the applied stress at the point of complete crack propagation
suggesting that the number of cycles to failure increases as the applied cyclical stress decreases.
However, there are some outliers, as for some samples as the number of cycles increased the
measured applied stress of the samples also increased. Figure 5.9¢) displays both trends and the
change in required applied stress (effectively the stiffness change of the cantilever) between the

point of crack initiation and crack propagation can be compared.

This is likely due to some kind of strengthening mechanism that is occurring at the fixed end
cantilever improving the resistance of the material to crack growth. One possible mechanism
that could cause the observed increase in stress is induced residual stress. The cyclic nature of
the applied displacement to the cantilever can induce residual stresses to be trapped inside the
ceramic lattice, if the stresses are compressive in nature they can act to counter the crack tip
driving force and as a result increase the stress required for complete crack propagation.
Another mechanism could be some kind of chemical reaction at the interface,

LisslasZr1.4TaosO12 is highly air sensitive and very readily forms a very thin reactive layer (~
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several nm’s) even when exposed to incredibly low amounts of air. This could lead to the slow
crack growth seen in section 5.4.1.3 as even the slightest moisture in the testing environment
can interact with the atomic bonds, especially with oxide ceramics.?® It is possible that during
the transfer stages between FIB and SEM that minute traces of contaminant gasses may have
been present which then enabled a reactive layer to grow around, near, or even in the initiated
crack which could increase the resistance to crack propagation and therefore lead to an
increased applied stress at the point of complete crack propagation. Further investigation is
required to accurately determine which of these mechanisms is causing the observed increase

in applied stress.

172|Page



a b . . .
) Graph of Initial Stress vs No. Cycles for Crack Initiation ) Graph of Applied Stress vs No. Cycles at point of Crack Propagation
1250 T T r r r # —~ 1250 T3
1]
b a 3
-» g ;
T 1000 4 . 5 10001 J
o ©
=2 g
- b =3 3
o 750 . & 750 _
n x
3 5 ..
S 500 * e j © s00] o . i
% » * +* * : ¢ *
E A e * § ¢ ..Q "
= =
£ 2504 . . A @ 250 4 . . *
2z
g
0 . . . . . . < o ————————————————
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800 900 1000
No. of Cycles for Crack Initiation No. of Cycles for Crack Propagation
©) .
Graph of Applied Stress vs Number of Cycles
1250'| T S Crack Initiation
x  Crack Propagation
1000 4 -
G
= @
o 7504 -
w
[}
=
w X
o
B 500 RO . -
8 o
= X %
<€
250 Z X
4 S $ 4
0 —rtr r r - r-r--r+-r1r° "t 117"
0 100 200 300 400 500 600 700 800 900 1000
Number of Cycles

Figure 5.9: a) Graph of the initial stress against the number of cycles for crack initiation, b) Graph of the applied stress against
the number of cycles for complete crack propagation in LissLasZr1.4TaosO12 cantilevers. ¢) Both trends displayed on the same

axes to compare the difference in applied stress between crack initiation and crack propagation.

5.4.2 Cycling of the LisPSsCl Cantilevers

As discussed previously LisPSsCl is the solid electrolyte of choice to be used in the next
generation ASSB. Once the cyclic fatigue testing technique had been developed on

LisslasZri4TaosO12 the same technique was used to investigate the fatigue properties of
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LisPSsCI. Following the method described in section 5.3 16 LisPSsCl cantilevers were made
using FIB and then subject to cyclic fatigue testing using nanoindentation. Initially four single
event (one loading half cycle) tests to were carried out to find the maximum fracture stress of
a LisPSsCl, and then used to determine a suitable displacement testing range. From the single
event tests the average maximum fracture stress of a LisPSsCl was calculated, using the method
in section 2.6.4.3, to be 160 £ 117 MPa, significantly lower than that of Lis.sLasZri.4Tao.sO12
by approximately an order of magnitude. The minimum displacement depth for fracture of the
weakest cantilever was 1491 nm. Directed by this initial information cyclic testing was then
carried out on the remaining 12 cantilevers with different set maximum displacements ranging

from 400 to 800 nm.

5421 Cyclic Fatigue Testing

The mechanism for cyclic fatigue in LisPSsCl is very similar as that described in section 5.4.1.2.
In the prepared LisPSsCl solid electrolyte the relative density was high, greater than 97%,
however this still leaves some porosity within the material; and, as with all highly air-sensitive
SEs, there are again challenges of surface preparation. As with the LisslLasZri14TaosO12 SE,
there are highly likely to be surface defects found in the LisPSsCl solid electrolyte, given the
higher level of porosity and even great surface preparation challenges due to LisPSsCl even
more reactive nature. At the site of a pre-existing material defect, the repeated cyclic stress can

result in the initiation of a crack which can lead to cyclic fatigue crack growth.

The cycle number at which the point of crack initiation was deemed to have occurred was when
relative stiffness of the cantilever had decreased by more than 0.1% of its initial value.?®® As
before each subsequent applied stress cycle causes incremental growth in the crack, known as

slow crack growth. If the relative stiffness of the cantilever had decreased by more than 1% of
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its initial value complete crack propagation throughout was deemed to have occurred leading

to catastrophic failure through brittle fracture of the ceramic SE.#

5421 Fracture Analysis of the LigPSsCI cantilevers
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Figure 5.10: a) magnified front-on image of the fracture surface of the fixed end, b) the measured stiffness values calculated
from each unload cycle of LisPSsCl cantilever ‘N’ and the criteria for crack initiation and complete propagation.

Figure 5.10 shows cantilever ‘N’ that was initially at a relatively low stress of 43 MPa,
suggesting that any failure would be due to the effects of cyclic fatigue. The graph in figure
5.10b) shows that after ~90 cycles there is an increased rate in the decrease in stiffness as the
crack initiation criterion is approached. This is evidence that there is some slow crack behaviour
occurring and that there is an incremental weakening in the cantilever as the number of cycles
increases. There is an even greater change in stiffness as the complete crack propagation
criterion is approached, which occurs over a very few (~5) cycles. This suggests that the crack
propagates through the cantilever at a fast rate, much more representative of brittle fracture and
little evidence of any toughening mechanism due to the cyclical loading. This is further
evidenced by figure 5.10a) as the fracture face is relatively smooth with little protruding

material suggesting that the crack tip propragated quickly through the material.
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b) Cantilever "M" Stiffness against Number of Cycles
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Figure 5.11: a) magnified front-on image of the fracture surface of the fixed end, b) the measured stiffness values calculated
from each unload cycle of LisPSsCl cantilever ‘A’ and the criteria for crack initiation and complete propagation.

Figure 5.11 shows cantilever ‘M’ that was initially at an intermediate stress of 80 MPa. The
graph in figure 5.11b) shows that cantilever fails very quickly after only 9 cycles. After the first
cycle there is an initial decrease in stiffness that appears to stabilise before the criteria for crack
initiation and propagation are exceeded within a very low number of cycles. The initial
decreases in stiffness could be explained by some plastic deformation in the cantilever
occurring after the first loading. The applied stress was significantly lower than the measured
fracture stress for an LisPSsCl cantilever therefore the failure, even though quick, is still due to
the effects of cyclic fatigue. However, the low number of cycles to failure combined with the
relatively flat fracture surface observed in figure 5.11a) suggests that again brittle fracture of
the ceramic has occurred and that that the crack tip propragated very quickly through the
material. It should be noted that the number of cycles during testing of LisPSsCl are far fewer
than those recorded during testing of LisslLasZri4TaosO12 SE, which suggests that crack
resistance in the LisPSsCl material is comparatively lower; this evidenced by the smoother
fracture surfaces in figures 5.10 and 5.11. This is evidence that slow crack growth is not
occurring in the LisPSsCl cantilevers; this is to be expected give the increased number of pores

and defects (~ 3%) and lower material strength (modulus ~ 45 MPa) which means resistance to
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crack initiation and propagation is lower, therefore crack growth is faster. The faster fracture

process is also representative of greater plastic deformation occurring in the LisPSsCl material.

5422 Cyclic Fatigue Results

Cyclic fatigue testing of the LisPSsCl was again difficult due to their highly air-sensitive nature,
of the 16 prepared cantilevers, 15 were successfully tested and the results for each cantilever
shown in figure 5.12 below. Tests were carried out in displacement control and the strain
amplitude for each test was calculated using the equation put forward by Yamaguchi et al.
(2020) for pentagonal microcantilevers.?®! Figure 5.12a) shows the number of cycles at which
a crack was deemed to have initiated and figure 5.12b) the number of cycles at which complete
crack propagation had occurred, both determined by the previously laid out criteria. Figure
5.12c) shows both trends of strain amplitude vs number of cycles on the same graph, which
allows for comparison of the number of cycles between crack initiation and propagation. As
the test was displacement controlled the strain remains constant between the point of initiation

and the point of complete crack propagation.
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a) Graph of Strain Amplitude vs No. Cycles for Crack Initiation b) Graph of Strain Amplitude vs No. Cycles for Crack Propagation
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Figure 5.12: Graph of strain amplitude against a) number of cycles for crack initiation, b) number of cycles for complete crack

propagation in LisPSsCl cantilevers, ¢) Both trends are displayed on the same axes to compare the number of cycles between

initiation and propagation.

There is a weak trend in figure 5.12c) that suggests as strain amplitude on each cantilever

decreases, the number of cycles to respective crack initiation and full crack propagation

increase. This is supporting evidence of the fatigue crack growth mechanism, showing that

failure by fracture can still occur below the critical fracture stress. It also confirms that the rate
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of crack propagation is determined by the size of the stress concentration driving the crack tip,

which in of itself is linked back to the strain amplitude.

Figure 5.13 considers the relationship between stress and the number of cycles at points of crack
initiation and complete crack propagation. Similarly to the previous trends seen for
LisslasZri4TaosO012, figure 5.13a) shows that for LisPSsClI the cantilevers with a lower initial
cycle stress required more cycles for a crack to initiate, supporting the fatigue failure
mechanism. Figure 5.13b) shows an ambiguous trend in the applied stress at the point of
complete crack propagation, with some samples following the trend suggesting that the number
of cycles to failure increases as the applied cyclical stress decreases. However, figure 5.13c)
shows that for several samples the applied stress had to increase in order to achieve the desired

strain; resulting in increased measured applied stress at the point of complete crack propagation.
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Figure 5.13: a) Graph of the initial stress against the number of cycles for crack initiation, b) Graph of the applied stress
against the number of cycles for complete crack propagation in LisPSsCl cantilevers, ¢) Both trends displayed on the same
axes to compare the difference in applied stress between crack initiation and crack propagation.

This suggests that there is some kind of strengthening mechanism that is occurring at the fixed
end cantilever, similar to the LisslLasZri4TaosO12 cantilevers. The same mechanisms as
discussed in section 5.4.1.2, namely induced residual stress and chemical reaction at the freshly
exposed surface, are the expected cause of the improved resistance of the material to crack
growth. When comparing the Lis.sLasZr1.4Tao.sO12 cantilevers to the LisPSsCl cantilevers, there

is a greater number of cycles between crack initiation and propagation for the
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Lis4lasZri.4Taos012 cantilevers (figure 5.8¢) suggesting the presence of slow crack growth and
that the strengthening mechanism is more prevalent in LisslLasZr1.4TaosO12 cantilevers. There
are differences in the mechanical properties between LisPSsCl and LisslasZri.4TaosO12,
principally that LisPSsCl is generally mechanically weaker; with lower modulus, hardness, and
fracture toughness. However, the highly reactive nature of the oxide layer in the
LisslasZri.4TaosO12 material suggests that the reaction layer could provide some strengthening
in some LisslLasZri4TaosO12 cantilevers. As discussed previously further investigation is
required to determine was is the mechanism by which a cyclically fatigue tested SE cantilever

increases in strength as the number of cycles increases.

5.5 Conclusion

The novel testing methodology developed in this chapter provided a first look into the
challenges facing solid electrolyte cycle lifetimes; this setup can be used for further
investigation into the mechanical challenges facing highly air-sensitive SEs. The research in
this chapter demonstrates that mechanical failure due to crack initiation and crack propagation,
ultimately leading to material fracture, is possible even at significantly lower applied stresses
(less than half) than the material fracture stress. As the electrochemical cycling can lead to
internal cyclic stresses within the SE, that can lead to a fatigue crack initiation at relatively low
stress. This means that operation of an ASSB below its critical current density, to prevent
dendrite initiation (and penetration), can still lead to failure over a number of cycles.
Incremental slow crack growth with each subsequent electrochemical cycle can lead to
complete crack propagation and brittle fracture. In the context of an operational ASSB, fatigue
crack growth can lead to formation of dendrites at low operational currents and eventually to
dendritic failure below the critical current density.
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The results also suggest that for both SEs tested, but in particular LisPSsCl, there appears to be
some kind of strengthening mechanism as the number of cycles increases before complete crack
propagation occurs. Further investigation is required to determine the driving factor behind this
strengthening mechanism. Given the cyclical nature of the use of ASSBs, the issue of
mechanical material fatigue is a significant problem. More research is needed to investigate
methods by which the fatigue crack resistance can be improved, in particular finite element
modelling could be used to specifically further investigate the link between repeated cyclical
stress and crack initiation. Techniques such as microstructural toughening could be used to
hinder crack propagation, for example the introduction of zirconia could introduce a toughening

phase similar to that explored in chapter 4.
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6. Conclusion

The successful all-solid-state-battery will enable the use of lithium metal anodes and make the
next generation of batteries both safer and far more energy dense. Despite significant research
into this area, the issues surrounding the solid electrolyte still hinders the progress of fully
achieving the potential of lithium metal anodes. There is a lack of understanding of the
mechanical properties of solid electrolytes in the existing literature. This thesis highlights how
an improved mechanistic understanding could help solve the challenges facing the ASSB; even
those appearing electrochemical in nature. One of the biggest issues is short circuit failure due
to the ingress of a lithium dendrite, this thesis uses a mechanics focused approach to help solve

this problem.

Chapter 3 starts with the first look at the mechanical properties of solid electrolytes; given their
highly air-sensitive nature novel testing methods are developed in this chapter to enable
experimentally measured mechanical properties, such as modulus, hardness and fracture
strength to be determined. By providing a first look at the mechanical properties of SEs, this
chapter showed that the mechanical fracture of the SE was the method by which dendritic
failure occurred in ASSBs due to electrochemical cycling. Mechanical characterisation
revealed that LisPSsCl exhibited the best mechanical properties of all the cold pressed solid
electrolytes tested. However, fracture testing demonstrated that the mechanical properties of all
cold pressed samples tested were all quite poor, due to low density and large porosity. It was
also observed that by creating composite solid electrolytes a crack deflection mechanism was
activated, improving the electrochemical performance, specifically increasing the overall CCD.

The idea of increasing solid electrolyte fracture toughness by introducing a composite to
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promote crack deflection, merited further investigation; however, better processing is required

to improve both the density and microstructure of viable solid electrolytes.

Chapter 4 uses these first look mechanical discoveries to improve the mechanical properties of
the LisPSsCl solid electrolyte. By improving the density of the solid electrolyte both the
electrochemical performance and mechanical properties were improved. The method of field
assisted sintering was used to produced LisPSsCI solid electrolyte with a relative density of
99%. An investigation into SE local fracture strength, using a pioneering micro-cantilever
testing procedure, provided the first mechanistic understanding and experimental evidence
required to establish a model for dendrite initiation.?®* Using an original experimental approach,
the fracture toughness of the highly air-sensitive LisPSsCl was characterised aiding the
development of a model for dendrite propagation.?®* The evidence shows that ease of dendrite
propagation, therefore ease of short circuit, is directly linked to the fracture toughness of the
solid electrolyte. Building on chapter 3 a densified LisPSsCl composite was made by
introducing secondary phase ceria-stabilised-zirconia nanoparticles; the 15% LisPSsCI-CSZ
composite showed significant improvement in fracture toughness and as a result the cycling
performance. Further investigation, via high resolution TEM or alike, is required to confirm
whether this effect is due to a transformation toughening mechanism from the CSZ introduced

to the matrix.

Chapter 5 considers the issue of ASSB cycle lifetimes, in particular the cyclic fatigue of the
solid electrolyte. The existing research thus far and the work done in chapters 3 and 4, only
considers the static fracture of the solid electrolyte; such as the single cycle CCD tests. A
successful ASSB will undergo repeated cyclic stresses due to solid electrolyte volume changes

caused by plating during the several 1000s of charge/discharge cycles. The research in chapter
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5 demonstrates that even at significantly lower stresses (less than half than the material fracture
stress), the cyclical nature of the applied stresses can cause crack initiation and crack
propagation ultimately leading to material fracture and mechanical failure. Therefore, even
operation of an ASSB below its critical current density can still lead to failure during repeated
electrochemical cycling. Once a crack has initiated, each subsequent electrochemical cycle
causes incremental slow crack growth which can lead to complete crack propagation and brittle
fracture. In the context of an operational ASSB, fatigue crack growth can lead to formation of
dendrites at low operational currents and eventually to dendritic failure below the critical
current density. The expected operation of an ASSB is cyclical in nature and therefore the issue

of mechanical material fatigue is a significant problem.

The work done in this thesis has provided a better mechanistic understanding of the issues
surrounding the ASSB and suggested some solutions. The effect of SE density was investigated,
and this research has shown that a well densified SE ceramic improves both electrochemical
and mechanical performance, however this did not significantly improved plating/stripping
currents. The creation of composite SEs had a positive effect on the mechanical properties of
the SE. Further investigation is required into the strengthening mechanisms occurring within
the composites (specifically transformation toughening) and into the effect on the
electrochemical properties, to expand the understanding of SE composites. The critical issue of
failure due to mechanical fatigue has been highlighted by this research and is of paramount
importance when designing an SE for use in an ASSB. Further work to model the stresses
experienced within the SE, in combination with electrochemical cycling data for dendritic

failure, will help provide solutions to preventing fatigue failure during cycling of an ASSB.
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