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Abstract

The use of solid electrolytes in solid-state batteries offers safer operation, higher performance in
terms of energy storage, as well as high thermal and chemical stability. Furthermore, solid
electrolytes are expected to possess enhanced ionic conductivity and mechanical stability that
warrants a safer separation of cathode and anode, and hence, potentially permits them to withstand
long-term cycling operation. However, mechanical boundary conditions and operation as
electrolyte under cyclic loading might still induce micro-cracks, dendrite growth, structural and
mechanical failure that ultimately will terminate the battery life. Therefore, the mechanical
reliability of solid electrolytes is important to warrant long-term reliability of solid state batteries.
In this thesis, aiming at a characterization of reliability and life-time relevant aspects, the
mechanical properties of LisLa3Zr,O1, for the application as solid electrolyte are studied on a
micro-scale and the correlation to the materials microstructural characteristics. Mechanical
investigations are based on indentation testing, yielding elastic modulus hardness and fracture
toughness, where the use of an advanced micro-pillar testing methodology permitted to gain
insight into the fracture properties of individual grains. The results emphasis the importance of the
materials microstructure as well as the used testing loads, which illustrate effects related to the
local apparent plasticity, and for larger loads localized pores. Overall, combining nano- and micro-
indentation testing yields elastic modulus, hardness and fracture toughness with respect to
materials intrinsic properties and global properties, where the use of standard Vickers indentation
and the novel micro-pillar splitting test permit assessment of the fracture toughness of individual

grains and effects related to grain boundaries and pores.
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Kurzfassung

Die Verwendung von Festkdrperbatterie erlaubt einen sicheren Betrieb, besseres Betriebsverhalten
hinsichtlich Energiespeicherung, als auch hohere thermische und chemische Stabilitdt. AuBerdem
kann fiir Festkorperbatterie-Elektrolyte eine bessere ionische Leitfdhigkeit und mechanische
Stabilitdt erwartet werden, welches eine sichere Abtrennung von Kathode und Anode
gewihrleistet und damit potenziell einen langzeitzyklischen Betrieb erlaubt. Jedoch kdénnen
mechanische Randbedingungen und Betrieb des Elektrolyten unter zyklischer Belastung zu
Mikrorissen, Dendrit-Wachstum, sowie strukturellem und mechanischem Versagen fiihren,
welches ultimativ die Batterie-Lebensdauer begrenzt. Die mechanische Zuverldssigkeit des
Festkorperelektrolyten ist daher flir die Langzeit-Zuverlédssigkeit der Festkorperbatterie wichtig.
Die vorliegende Promotionsschrift priasentiert eine Studie der mechanischen Eigenschaften von
LisLa3Zr,012 fiir die Anwendung als Festkorperelektrolyt auf Mikroskala und eine Korrelation mit
den mikrostrukturellen Charakteristika des Materials. Mechanische Untersuchungen basieren auf
dem Haérteeindruckstest, wobei eine fortschrittliche Mikrosdulen-Test-Methodologie einen
Einblick in die Risszdhigkeit einzelner Korner erlaubt. Die Resultate betonen die Wichtigkeit
sowohl der Material-Mikrostruktur als auch der Test-Belastung, welches Effekte der lokal
offensichtlichen Plastizitdt veranschaulicht, fiir hohere Belastungen den lokalisierter Poren.
Insgesamt ergibt die Kombination von Nano- und Mikro-Hérteeindringtests elastischen Modul,
Hirte und Risszdhigkeit hinsichtlich der intrinsischen Materialeigenschaften und der globalen
Eigenschaften, wobei die Verwendung von Standard Vickers-Hérteeindringtests und des
fortschrittlichen Mikrosdulen Spalttests eine Abschéitzung von Risszéhigkeit von Korn und

Effekten im Zusammenhang mit Korngrenzen und Poren erlaubt.
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1. Introduction

The limited availability of fossil fuels along with an increasing concern about the environmental
pollution, associated with CO2 emission, has raised the need to develop sustainable energy sources.
Renewable energy sources like wind power and solar energy are intermittent, the hydraulic power
and the former ones have seasonal variations, therefore requiring that energy is stored to balance
fluctuations. In order to make renewable energy more feasible, advanced energy storages system
have to be developed. Recently, batteries indicated to be a good alternative and economically
viable [1-3]. In addition, the increasing demand for zero emission vehicles, portable electronic
devices, stationary and non-stationary energy storage systems, has boosted the scientific and

technological interest in batteries [4-6].

A battery is composed mainly of anode, cathode and electrolyte. Oxidation and reduction reactions
take place at the electrodes, and the electrolyte controls the ionic flux between electrodes.
Currently conventional batteries are based on organic solvents as liquid electrolytes [7], due to
their very high ionic conductivity; however, they suffer from a serious drawback related to their
flammability and leakages [8, 9]. All-solid-state batteries (ASSBs), such as Na-ion batteries,
Lithium-Sulphur (Li-S), Lithium ion batteries (LIBs) could satisfy the requirements, since solid
state electrolytes are expected to offer a high ionic conductivity along with a low electronic
conductivity and, in addition, higher thermal and chemical stability [10]. A large number of
inorganic oxides and non-oxide fast ion conductors have already been investigated for the use in
solid state batteries, i.e. NASICON materials, garnet structured type, LIPON type and perovskite
types [11, 12].

Although there is a large number of studies that focus on characterization and improvement of
microstructure and conductivity of solid state electrolytes, there are only few investigations on
mechanical behavior, especially for garnet structured [13-15]. However, aiming towards a long-
term reliable operation, an important aspect is the characterization of these materials with respect
to mechanical limits under operation relevant conditions. Mechanical boundary conditions and
operation as an electrolyte might induce micro-cracks, structural and mechanical failure that will
terminate the battery life, especially materials with brittle nature and limited mechanical stability

can significantly compromise the operation relevant safety of solid state batteries. Therefore,



studying relevant mechanical properties of solid electrolytes is important to warrant long-term

reliability of solid state batteries.

Hence, the focus of this thesis is to characterize mechanical aspects of a novel garnet solid
electrolyte LizLa3Zr;012 (LLZO), determining elastic modulus, hardness and fracture toughness,
and established a correlation of results with microstructural features, such as grain size, phases and
dopants as well as grain boundaries and pores. Mechanical properties are evaluated using a
macroscopically non-destructive indentation test, on nano- and micro-scale. An advanced
experimental approach is implemented based on the indentation testing, implementing the
continuous multi-cycling test that is compared with standard indentation mode results. In addition,
a novel pillar indentation splitting test is implemented for measuring the fracture toughness of the

individual ceramics grains, permitting insight into the effect of grain and grain boundary.

More specifically, the results concentrate on three aspect that are considered in three separate sub-
chapters in the results, i.e. the effect of doping on the mechanical and electrical properties in order
to find an optimum composition, second, optimization of the characterization methodology to
assess the fracture toughness via combination of indentation testing and micro-pillar, third,
determination of the properties for a dense composition to assess differences with respect to the
first section in order to clarify the aspects related to porosity and grain size and compositional

variation.



2. Literature Review

In the following chapter current storage systems and solid-state batteries are reviewed. Mechanical
characteristics, with focus on elastic, apparent plastic and fracture properties, in particular local
mechanical testing such as indentation and the novel micro-pillar splitting test are outlined. In
addition, mechanical considerations for operation different solid electrolytes and their mechanical

properties are revised, and garnet structure materials mechanical properties are presented.

2.1. Batteries

2.1.1. Conventional and solid-state batteries

Electrical energy storage systems in the form of batteries are widely used in portable electronic
equipment such as cell phones, laptops, medical applications and a power source for transportation,
either in electric vehicles or aerospace application, in addition to energy supply systems for
national electric grid and smart grids [16, 17]. Thus to realize their full potential, the development
of safe and high energy density batteries lithium battery technology has been the focus of studies

to overcome challenging scientific and technological issues [18-20].

Conventional batteries consist of several electrochemical cells connected in series or parallel to
provide the required voltage and capacity. Each cell is composed by an anode (negative electrode)
and cathode (positive electrode), separated by an electrolyte solution containing dissociated salts,
which enables ions transfer between two electrodes, see Figure 2.1. In its most common structure
it contains a graphite anode, a lithium metal oxide cathode (e.g. LiIMO>, LiCoO>) and a mixed

organic solvent (ethylene carbonate-dimethyl carbonate EC-DMC) and a porous separator [9, 21].
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Figure 2.1- Schematic illustration of traditional lithium-ion battery [9].

During charging lithium is oxidized at the anode and lithium ions are released from the carbon

along with electrons, giving the follow reaction [22, 23]:
Lis —» x-Li" + x-e + Cs

Lithium-ions are absorbed by lithium dioxide at the cathode and the electrode is reduced and

receives electrons:

Li;«CoO; + x-Li* + x-e-— LiCoO>
Therefore the overall reaction is:

Cst+ LiCoO2 «» LixCs+ Li1—xC00O2

The rapid insertion and removal of lithium from anode to cathode structures can lead to significant
stresses and strains in battery electrodes [24-26]. A recent investigation revealed that stress scales
are proportional to lithiation/delithiation rate and dramatic changes in electrochemical stiffness
due to formation of different graphite-lithium intercalation compounds during cycling [27]. For
example for LiNiFeFs used as cathode the lattice parameter (and weight fraction) changes, causing
an anisotropic lattice expansion, increasing the unit cell volume by 6% and yielding a reduction in

lattice parameter ratio of ~4% [28].

For the negative electrode, anode materials such as graphite show a volume expansion of 10%

[29], silicon and tin high capacity anodes have a much larger volume change of up to 300%  [30,



31]. This lithiation-induced stresses causes cell degradation, loss of connectivity to the current
collector, furthermore, stresses and delamination at the cell level are generated and can reduce the

necessary good electrical contact among the components [24] and capacity fade after cycling [32].

Regarding liquid electrolytes, which are organic solvents supported by a porous polymeric matrix
that help transport Li-ions to/from the cathode and anode, they are highly reactive, especially when
combined with lithium metal as anode [33, 34]. This results in a flammable materials combination
when thermal runaway happens in the battery system [19, 35, 36]. Other common shortcomings
are limited range of operation, leakages, corrosion of the electrodes and growth of the metal
dendrites from the anode to cathode throughout the electrolyte leading the internal short circuiting

[37, 38].

In order to eliminate the drawbacks of liquid electrolyte based systems, solid electrolytes have
been proposed as suitable and safer replacements, which is the principle of solid-state batteries [8,
39]. Overall, solid-state batteries are systems that have shown to be of great interest because of
potential benefits in gravimetric and volumetric energy density, operable temperature range and

safety in comparison to the conventional liquid electrolyte based system [40].

Figure 2.2 is a schematic representation of a lithium based solid-state battery, where the arrows
show the direction of ion movement during charging and discharging process, respectively, and

some available anode, electrolyte and cathode combinations.

Similar as in the case of a liquid electrolyte battery, during the charging process Li-ions move
across the solid electrolyte toward the anode, during discharge the reverse process takes place. The
cathode supplies the battery with ions during the charging process, therefore it must be stable even
under this condition. Common cathode materials are lithium cobalt oxide (LCO) and lithium
manganese oxide (LiMn20s). The first has a relatively high specific energy, around 150 mAh-g!,
however, is more expensive due to the necessary use of cobalt [41, 42]. The second is based on a
spinel structure, which provides an easier path for lithium ions during the lithiation/delithiation
process [20]. Lithium-based phosphates (LiFePO4) and vanadium based oxides have also been
tested, despite the high self-discharge rate and low output voltages, which result in a reduced

durability [8, 20, 43].
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Figure 2.2- Schematic representation of a lithium based solid-state battery [8].

Also spinel lithium based oxides (LTO), carbon and graphite based materials are commonly used
anode materials in solid-state batteries, however, graphite based materials cannot satisfy the
requirements due to limitations associated with power energy density and safety [44, 45]. LTO is
being considered as a promising anode, since it possesses a negligible volume change during
charging and discharging, resulting in an excellent cycle longevity [46-48], especially compared
to conventional graphite, which expands up to 10% in volume during charging, and silicon, which

has volumetric expansion of up to 400% upon full lithiation [49, 50].

Despite the importance of the performance of cathode and anode materials, the solid-state battery
performance highly relies on the diffusion of ions through the electrolyte. Hence, an excellent solid
electrolyte material should have high ionic conductivity, low or zero electronic conductivity, wide

electrochemical stability window and last, but not least, excellent mechanical properties [51, 52].

The utilization of a solid electrolyte enables the use of pure lithium metal as anode, and an increase
in volumetric energy density of up to 70% can be achieved compared to a conventional anode
system [53, 54]. However, safety issues have to be taken into consideration when using Li anodes.
Internal short circuits caused by Li-metal plating, also called lithium dendrites can lead to a short
circuit of the system [55]. Hence due to their importance, dendrites are discussed in more detail in

section 2.2.4.



2.1.2. Solid-state electrolytes

In the following subsection, the state-of-the art of solid electrolyte materials and operation relevant
mechanical considerations are discussed, focusing on inorganic electrolytes, especially garnet-

structured.

Solid-state electrolytes (SSE), also called superfast ionic conductors, exhibit a conductivity
comparable to liquid electrolytes, >1072 S:cm™! [56]. Apart from being ion conductors, solid
electrolytes also serve as separator, avoiding the direct contact of electrodes. The solid structure
simplifies the assembling process, since an organic liquid electrolyte, electrolyte salt or binder is
not required [56]. They can be inorganic, polymers or composites like polyethylene oxide (PEO),
glasses or inorganic ceramics, with different structures such garnet, LISICON, NASICON and
sulfides [57, 58].

Polymer electrolytes

The advantage of polymer electrolytes is their good processability, high safety and flexibility. They
can be roughly classified as dry solid polymer electrolytes, composite polymer and polymer gels
[59, 60]. The dry solid polymer is mechanical stronger, but has a lower ionic conductivity, when
compared to gel, that requires a mechanical support, but typically has higher conductivities [52].
However, the disadvantages of such systems are related to the instability of electrode/electrolyte

interface and narrow operation temperature range [58, 61].

Solid polymer electrolytes are based on polymer-salt complexes with no liquid component being
present, which are added to provide lithium ion conductivity [62, 63]. PEO is the most common
and has been used for a long time, consisting of a semi-crystalline polymer able to dissolve lithium
salts, which have a melting point around 65 °C [64]. They can be prepared by solvent casting, hot
pressing extrusion and their conductivity is low at room temperature (¢ < 107® S-cm™), but
increases above the melting temperature, reaching 1 mS-cm™' at 80 — 90 °C, where the entire
polymer is in a viscous liquid state [58]. The conduction mechanisms are the ion transport in the

amorphous region, so the conductivity increases with decreasing degree of crystallization [65].

Another way to improve the ionic conductivity has been the addition of ceramic particles into the

organic polymer host, such as alumina or silica, the so-called composite polymer electrolytes [66,



67]. In this context, ceramic fibbers are added in order to decrease the glass transition temperature

which helps to improve the conductivity [68].
Inorganic solid electrolytes

There are several types of inorganic electrolytes that are being considered for lithium solid-state
batteries, the electrolytes that are being most explored are sulfides and oxides such as perovskites,
NASICON and garnet materials. A brief review of several types of inorganic solid electrolytes is

presented in the following sections; physical, chemical and mechanical properties are discussed.

The operation temperature target is room temperature; however, ceramic solid electrolytes are also
well suited for high-temperature applications [52], especially due to the conduction mechanism,
that occurs via movement of ions along the defects, which requires an activation energy, the

conductivity of these compounds increases with increasing temperature [52].

2.1.3. Properties of solid-state electrolytes (physical, chemical and

mechanical properties)

Sulfides

Sulfides-types, such as LixS-SiS, and Li>S-P»Ss system, are considered to be a very promising
class of electrolytes and have been widely studied [69, 70]. The so-called class thio-LISICON
(lithium superionic conductor) LixSGeS:P>Ss was found in this system [71] and showed
conductivity of 2.2x1073 S-cm™! at 25 °C. Recently, LiioGeP2S12 was considered, exhibiting a Li-

ion conductivity of 1.2x1072 S-cm™!

at room temperature, the highest reported for a solid
electrolyte [72]. However, the chemical stability of this class of materials is extremely low, being
hydroscopic and sensitive to oxygen and the stability in contact with high voltage cathode

materials is still uncertain [56, 73, 74].
Perovskite structured

Perovskite is a general term for a structural family of materials with general formula ABO; with
alkaline rare or earth metal ion in A-sites and transition metal ions in B. A representative material
of this class is LizLa»3.+TiO3 (LLTO), which possess a bulk conductivity of 11073 S:cm™' at

room temperature [75]. However, when in contact with lithium metal it reacts easily, the titanium



ion is reduced from Ti** to Ti*? and it becomes a mixed conductor, thus, not being suitable as a

solid electrolyte when in contact with lithium metal [56, 75].
NASICON

These materials have the general formula AM>(POs)3, with A sites occupied by Li, Na or K, and
usually M sites occupied by tetra-valence ions such as Ge, Zr, or Ti [57]. The term NASICON
(Na* Super Ionic Conductor) emerged in 1976 as Na' fast ionic conductor with high ionic
conductivity [11]. Lithium ionic conductors in NASICON structure can be prepared by mechanical
milling and spark plasma sintering, within the LiT2(PO4); system (LTP), the aluminum substitution
(LATP) was the most effective leading to ionic conductivities in the order of 107* S cm™' and a

very high conductivity for nano-grains in the order of 1073 S-em™ [76, 77].

Another promising system under investigation, due to its high electrochemical stability and wide
electrochemical window, is Lij+yAliGe>-«(PO4)3; (LAGP), which is a glass-ceramic system with
total ionic conductivity in the range of 103 S-cm™! to 107! S-ecm™! at room temperature up to
107 °C [78]. Recently, LAGP was incorporated in a polymer as a matrix, leading to a composite
with good ionic conductivity, good compatibility with the lithium electrode and high mechanical

stability [79].

To conclude, NASICON-structure ionic conductors are suitable for use as solid electrolytes due to
their chemical stability, wide electrochemical window and especially due to their high ionic

conductivity at room temperature [56].
Garnet structured

Also garnet-structured Li-ion conductors have attracted attention as potential solid electrolytes for
lithium ion batteries (LIBs) [80]. The general chemical formula of garnet metal oxides is
A3B2C3012 (A = Ca, Mg, La or rare earth; B = Fe, Al, Ga, Ge, Mn, Ni or V; C = Si, Ge, Al) and
their structure consist of COy4 tetrahedral and BOg octahedral positions connected via edge sharing

[81].

Lithium rich or Li-stuffed garnets contain five to seven Li atoms per unit cell; this is more than
can be accommodated at the tetrahedral sites, leaving excess Li, which occupies the octahedral

sites. In case of the garnets LisLasM»012, La and M sites can be substituted by various metallic
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ions leading to LisLaaM2012 (M = Mg, Ca, Sr, Ba, Sr, Ba) and Li;La3C2012, (C = Zr, Sn) and
Li;La3Tax013 [82].

Particularly LizLa3Zr3012 (LLZO) exist in two different polymorphisms cubic and tetragonal
phase; the cubic phase being the most interesting due to its higher ionic conductivity (~10™* S-cm™!
[83]) compared to the tetragonal phase (~10°S-cm™! [84]). The large difference in conductivity is
explained by order-disorder arrangements, since in tetragonal LLZO tetrahedral and octahedral
sites are completely ordered by Li atoms and vacancies, while in cubic LLZO an intricate Li-
vacancy disorder exists in those sites [84]. Therefore, dopants are expected to increase the degree
of vacancy disorder within the Li sub-lattice and stabilize the cubic crystal structure, yielding
enhanced hopping paths for Li* and an increased conductivity; potential doping elements can be

Al*, Ta>* or Ga*[11, 85-87].

LLZO can be synthetized by solid-state reaction and sol-gel techniques [81, 88]. In order to
synthetize dense LLZO, high temperature processes are required, which results in lithium
deficiencies, a way to overcome this problem is adding more lithium to compensate the lithium
losses during the high temperature sintering process, or doping with Al or Ga, which lowers the
required sintering temperature, achieving a cubic phase [86, 89]. However, a reduction in sintering
temperature raises a new problem related to secondary phase precipitation, which can hinder the

ionic transport in the material [11].

(a) Lig 25Al 25L23Zr;04, (b) Lig sLasZry sTapsO42
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Figure 2.3- Schematic atomic structure of a LLZO cell a) Al-doped and b) Ta-doped [13].

Larraz et al. [90] reported the presence of two cubic phases in non-doped LLZO, one formed at
low temperature and another at high temperature, the former one appears in the range of 100 °C to
200 °C and is attributed to the presence of water either in the atmosphere or in the precursor
materials, the second undergoes a reversible phase transition around 635 °C when not exposed to
humidity anymore. In another study, the phase transformation from tetragonal to cubic at around
150-200 °C was associated with CO; absorption into the structure and the extraction process
occurred around 450 °C, resulting in a phase transformation back to tetragonal [91]. The phase
stability of cubic LLZO is influenced by the Al and Li concentration, and an optimum
concentration was found to 0.24 moles of Al and 6.24 moles of Li [86].

The chemical stability of cubic LisLas;Zr;O12 was investigated in various aqueous solutions and a
surface morphology change occurred in HC1 and LiOH solutions, leading to a significant decrease
in conductivity, which was attributed to a possible Li"/H" ion-exchange reaction after treatment in
water [92]. Further studies noted that the ion exchange occurs also in humid environments [93,

94].
Mechanical properties of solid electrolytes

In addition to a high ionic conductivity, the solid electrolytes should exhibit adequate mechanical
properties, which includes satisfying elastic, plastic and fracture properties [95]. In this chapter,

give a brief review of the mechanical behavior of oxide-based electrolytes is introduced.

The elastic modulus represents the response of solid materials to a deformation in the elastic range
and it is an important property for solid electrolytes. Considering the linear elasticity theory by
Monroe and Newman [96] a high shear modulus (which is coupled with the elastic modulus) of
electrolytes would prevent the initiation of dendrites during charging at electrode/electrolyte

interface, this subject is addressed in more details in the section 2.2.4.1.

Considering the importance of the solid electrolyte within the battery and the brittle behavior of
ceramics, the fracture toughness is also a crucial property for application, since it represents the

ability of a material containing a crack to resist fracture [95]. In general, polycrystalline ceramics
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exhibit fracture toughness values from 1 to 5 MPa-m®3[97, 98], in fact, much lower values when

compared to metals ~20 to 100 MPa-m®> [99].

So far, the mechanical properties of solid electrolytes materials have only received limited
attention and limited information on chemo-mechanical properties are available in literature [95].
Table 2.1 presents a summary of recent studies with respect to mechanical results of differently
structured ceramic solid electrolytes material. Mechanical properties of garnet-structured LLZO

are discussed in more details in the next subsection.

Table 2.1- Mechanical properties of ceramic solid electrolyte materials (adapted from [100]).

Elastic Fracture
Structure Compound Processing method Testing method  Modulus toughness
(GPa) MPa-m®3
NASICON Lii3Alo3Ti1.7(PO4)3 - Ring-on-ring 81-115 1.1+£0.3
LATP [101]
LIPON LixPOyN, Film magnetron sputtered Nanoindentation 77 -
(amorphous) [102]
Perovskite Lio33La057TiO3 Solid state-hot pressed 1100 °C ~ Nanoindentation 186 +4 0.64 - 1.31
Lio33La057TiO3 Sol gel-hot pressed 1100 °C Nanoindentation 200+3 0.89-1.33
[103]
Li2S-P2Ss Hot pressed Ultrasound 18-25 -
20-190 °C/ 360 MPa velocity
Li2S-P2Ss Cold pressed Ultrasound 14-17 -
Sulfide [104] 180-360 MPa velocity
LiioGeP2S12 Atomistic ~38 -
simulation
Li2S-P2Ss Nanoindentation ~18 0.23£0.04

Amorphous LiPON films in a thickness range from 1 to 10 um were characterized by
nanoindentation in [102], the elastic modulus was found to be 77 GPa and the hardness was 3.9
GPa. Perovskite Lio33Lao.57TiO3 prepared using a solid state (SS) and sol-gel (SG) procedure were
also characterized [103], yielding fracture toughness values of ~1 MPa-m!?; although fracture
toughness of SG was slightly higher than SS, this effect has been attributed to enhanced crack
deflection along grain boundaries. Sulfide Li>S—P>Ss glassy solid electrolytes were investigated by
ultrasound velocity measurement yielding moduli in the range of 18-25 GPa and those of cold-

pressed pellets were about 14-17 GPa [104].

From Table 2.1 it is important to notice that LLTO has the highest elastic modulus value  (~200

GPa) and sulfide based materials have the lowest values (~18 to 38 GPa). Higher elastic modulus

12



means that the material is less deformable. Another important aspect that needs to be considered
with respect to the materials elastic behavior, ultrasound velocity test and ring-on-ring test measure
the bulk polycrystalline materials properties, whereas for nano-indentation the values are localized
responses, usually from single grains within the sample, hence comparison of such data requires
careful consideration of the testing method. Regarding the fracture toughness, NASICON and
perovskites all possess values of approximately 1 MPa-m®3, however, sulfides showed the lowest
values of ~0.23 MPa-m®>. These values suggest that these materials are not very resistant to crack

growth due to their brittle nature.

13



2.2. Mechanical characteristics

2.2.1. Elastic behavior (elastic modulus)

The elastic modulus £ measures resistance of a material to elastic deformation. It is a property of
the materials which depends on the bonding forces between atoms and crystal structure of a solid.
This property can be determined with different methods, uniaxial and biaxial bending tests are
widely used and also the non-destructive indentation method is often used. In the present work,

the elastic modulus is determined using the indentation method.
Indentation

Indentation testing is an established materials characterization technique and has been used for
decades to determine quantitative mechanical properties of also brittle materials to assess quasi-
static and dynamical elastic modulus, hardness and fracture toughness [105, 106]. The advantage
of this method is that it is fast and it is considered to be a non-destructive test since only a small

specimen volume is required and deformed.

When the indenter is driven into the material during loading, elastic and plastic deformation
occurs, which typically results in a hardness impression conforming to the shape of the indenter
up to some contact depth. During withdrawal, only the elastic portion of the displacement is
recovered. The elastic modulus is usually determined from load-displacement curve, applying the
Oliver and Pharr analysis procedure [105], see Figure 2.4. The elastic modulus is calculated from
the unloading curve and is characteristic for the elastic behavior of the material. Hardness is related

to the plastically deformed volume and is derived from maximum load and corresponding contact

depth [106].
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Figure 2.4- Schematic representation of a) main parameters describing the indentation process b) typical
indentation load—displacement curve, where Py, is the max. indentation load, /.« the indenter displacement
at peak load, A the final depth of the contact impression after unloading and S the initial unloading stiffness
[105].

To obtain the elastic modulus the unloading part of the depth-displacement curve is utilized and
the reduced modulus (E;) is obtained, subsequently the materials elastic modulus can be calculated

[105]:

E v S
r= 5 5 —
2-B.JA, Eq. 1
o (=)
i_(l—v?) Eq. 2
Er Ei

where E; is the reduced modulus, f a indenter constant (for Vickers indenter 1.0124 and
Berkovich is 1.034), and S the slope of unloading curve = dP/dh and A, is the projected
contact area determined from the contact depth and the predetermined calibration function
of the indenter system. £ is the indentation derived Young’s modulus of the material, vg 1s
the Poisson’s ratio of sample, v; the Poisson’s ratio of indenter 0.07 and E; the elastic

modulus of diamond indenter 1141 GPa.
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2.2.2. Plastic behavior (hardness)

Additionally, indentation testing permits a determination of the hardness (H), which is a property
often used to characterize the non-elastic behavior of advanced ceramics. The hardness of a
material is its resistance to the formation of a permanent surface impression by an indenter and
also can be defined as being related to resistance of a material to non elastic deformation (yield),
scratching and erosion [107]. The value of material’s hardness depends, in addition to its elastic

modulus, on the geometry of the indenter and, overall, the microstructure.

The test consists of a shard diamond Vickers indenter driven into the material, that creates a

pyramidal impression and hardness is then derived from [105]:

P max Eq. 3

H =
A

p

where Ppax 1s the maximum applied load, A, is the projection area of contact at peak load.
Regarding the specimen preparation for the test, surface flatness and parallelism are important, in
order to obtain correct data. An important aspect to be considered is that hardness can depend
on the applied load, and a full characterization involves testing over a broad range of
indentation forces, i.e. for ceramics materials, hardness often decreases with increasing

load. This phenomenon is known as indentation size effect (ISE)[108].
2.2.3. Fracture properties (fracture toughness)

The fracture toughness (Kic) is an important property of ceramic materials and describes
the ability of a material containing a crack to resist fracture. It can be tested for example by
single edge notch bending, indentation-strength-in-bending test and indentation [109].
Recently, a novel method was developed to measure fracture toughness aided by nano-
indentation methods, the so-called micro-pillar splitting test, which is based on loading a
Focus Ion Beam (FIB) produced micro-pillar using a sharp tip [110], therefore in this work
I chose indentation and micro-pillar splitting test to obtain Kjc at different scales, comparing

methods as well as properties of single grains and polycrystalline ceramics.

16



2.2.3.1. Vickers indentation fracture

Indentation testing also may be used to quantify the fracture toughness of brittle materials, in this
case, the applied load should be high enough to initiate and propagate cracks from the vertices of
the impression, an idea initially recognized by Palmgqvist [111]. The fracture toughness
determination by Vickers Indentation Fracture (VIF) technique, also called indentation fracture
toughness has been widely used for evaluation of toughness on small samples [112] and requires
a rather simple sample preparation, by preparing a smoothly polished and parallel surfaces without

pre-cracking [113], in particular in cases where only limited material is available for testing.

The surface is indented with a Vickers pyramidal indenter and the K;c calculation involves the
measurement of the crack lengths at a particular applied load and, in addition, knowledge of elastic
modulus and hardness. Depending on the shape and cracks lengths different calculation approaches
might be used [114-116]. If the relationship of radial cracks lengths / and half-diagonal of the
impression a is between 0.25 < //a < 2.5 the crack system can be described by a Palmqvist type
shape (Figure 2.5), which typically formed in the low-load regime. In the case of median-radial
cracks with well-developed crack length, typically for higher loads, the derived relationships are
based on half-penny shaped crack model, the requirement is c/a > 2.5, where c is the radial crack

size [117].
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Figure 2.5- Schematic of Palmqvist cracks and median-radial cracks [114].
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Different relationships have been reported in literature in order to determine fracture toughness by
Vickers indentation, Table 2.2 compiles several relationships for Palmqvist and Median crack

systems based on literature [118].

Table 2.2- Equations to calculate Kic values from indentation tests.

Palmgqyvist crack system Equation No
Lawn and Fuller [119] _ p Eq. 4

KIC - 0.0515 CST
Evans and Wilshow [120] _ P a Eq.5

Kic = 0.079 —;log (45 Z)
Niihara et al [114] IN"YZ g \2/5 (Ha0S Eq. 6
Niihara [117] IN"YZ2 g \2/5 (Ha0S Eq. 7
K;c =0.048(— —_—
¢ (a) <E¢>> < ¢ )
Median crack system

Lawn and Fuller [119] _ p Eq. 8

KIC - 0.0726@
Evans and Charles [121] _ P Eq. 9

KIC - 0.0752 CST
Niihara et al [122] c\"3/2 f H\"?/5 (Ha®5 Eq. 10

K;c =0.129 (- —_—
e (a) (Eqb) ®
Lawn et al. [123] E\Y2 , p Eq. 11
KIC =0.014 (ﬁ) (C37)
Anstis et al. [115, 124] ENY2, P Eq. 12
Tanaka [124] _ p Eq. 13
KIC —_ 0.0725 (CST)

¢ 1s the constraint factor taking a value of 3.

Since for VIF technique a crack length measurement is required, attention has to be given to
accurate measurement of the length of the induced cracks. Variation in optical and electronic
microscopes can cause uncertainties in Kjc values [113]. In addition, a complex residual stress
state remains in the surface of the surrounding material, and at higher loads multiple cracks might
be formed experiencing extensive lateral cracking and considerable spalling as well as crack
growth during unloading that is not considered in the relationships. Hence, cracks may form and
grow either during loading or unloading, and it can be the case that a transformation of Palmqvist

crack system to median crack occurs [113].
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It is hence important to note that, despite the complex crack system induced by indentation and
the considerable residual stress, indentation fracture toughness is used here as fracture toughness
measurement method in order to compare material s behavior and relate to reference values from
literature. Therefore, in the present study, different equations were selected according to the
relationship //a and c/a cited above and the crack system that best describes the crack behavior of

individual specimens.

2.2.3.2. Micro-pillar Indentation Splitting test

The micro-pillar indentation splitting testing is a novel test developed by Sebastiani et al for
measuring fracture toughness of thin ceramic coatings, and based on the loading of focus ion beam
(FIB) milled micro-pillars by a sharp indenter [110, 125]. This technique has been successfully
used to determine the fracture toughness of titanium nitride and (TiN) chromium nitride (CrN),

composites and recently also for spinel materials for battery application [110, 126], see Figure 2.6.

Load On Sample (mN)

0o 200 400
Displacement Into Surface (nm)

(a) (b)
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8

0 500 1000 1500 2000
Displacement Into Surface (nm)

(d

Figure 2.6-SEM micrographs of pillar on ceramic samples and the representative load-displacement curves: a)
and b) silicon single crystal; ¢) and d) CrN (adapted from [127]).

The main advantage of this technique is that neither crack geometries nor crack sizes need to be

measured, contrary to conventional indentation fracture toughness determination methodologies.
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The fracture toughness is derived from the splitting fracture loads that can be determined from
pop-in effects in the displacement-load curves and is then calculated using the following equation

[110]:
K= B._PC Eq. 14
IC — R3/2 qg.

where P is the critical load at failure, f is a dimensionless coefficient that depends on the elastic-

plastic properties, and R is the pillar radius.

Primarily,  was estimated only for TiN and CrAIN-Si3zN4 [110], however, finite element analyses
was applied recently for other ceramics materials in order to investigate effects of materials
compliance on this parameter [125]. As a result, the dimensionless coefficient can now be
calculated on the basis of their work as f = 0.057+0.0149 E/H [110, 128], using the £ and H

obtained experimentally for any specific material.

This technique has several advantages compared to VIF and other micro-mechanical testing
methods currently available. The design of a micro-pillar for testing is relatively simple, there is
no necessity for accurate image correction, crack length measurement or for minimizing the
materials residual stress [129, 130], i.e., when the aspect ratio height to diameter is greater than 1,
residual stresses on the upper portion of the pillar and substrate compliance are negligible with
respect to the critical load of failure [110, 125]. Even though the crack length and geometry are
not required, they can be assessed after testing via FIB/SEM analyses and additional information

on the crack path can be obtained.

The instability load and pillar radius needed in Eq. 14 are easily measured and fracture toughness
can be derived, which highlights the feasibility of this method. In addition, since the pillar splitting
can occur at shallow indentation depths and the FIB damage is considered to be surface localized
and far from the position of the crack and propagation [110], the potential FIB-induced damage is
commonly accepted to be less significant compared to other micro-mechanical testing methods,
such as single- and double-cantilever bending, which is also the case for battery materials
possessing a high ion-conductivity, which might result in larger damage induced by the Ga™ ions

[131].
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It was suggested by the developers of this technique that effects of FIB machining on micro-pillars
geometry are expected to less significant than for the micro-cantilever geometry, since the crack
is nucleated and propagated inside the pillar far from the damaged free surface [110]. Nevertheless,
such effects have to be considered for the nucleation of the initial and subcritical crack, but not for

the critical load of the instability, where critical crack extension from the surface occurs [132].

Recently, Lauener et al. [132] reported a study on the influence of testing rate and positioning
accuracy, furthermore, a comparison of samples produced by different methods, such as
lithography, gallium FIB and Xenon FIB, as function of pillar size was established. In this work,
Silicon was investigated and the technique was shown to be insensitive to loading rate, however,
a significant lower toughness values was obtained in the case of off-center indenter positioning.
The authors suggested that the positing accuracy should be around 20% of the pillar’s center to
provide an accurate measurement. Regarding the FIB damaged, it was found that a significant
increase can occur in the apparent toughness at smaller pillars sizes and the influence diminishes

for pillar diameters greater than 10 um [132].

In order to minimize the effect of the gallium FIB damage on the fracture toughness values of CrN
the ion current was reduced from 100 pA to 1 pA [133]. With reduced probe current used for
notching the fracture toughness values reduced close to values of pillar splitting method, without
significant effect of ion damage. Another approach to diminish FIB damage can be the use larger
pillars diameter or thermal annealing [132, 134]. Conclusively, this method opens up a new
experimental direction for battery materials characterization aiding an understanding of the
coupled electro-chemo-mechanical behavior from a viewpoint of local mechanical degradation

under cyclic charging.

2.2.4. Mechanical considerations of solid-state electrolytes

Currently, most batteries are based on liquid electrolytes systems, although they offer benefits like
excellent wetting electrolyte surface and high ionic conductivity, they have drawbacks such as
reduced electrochemical and chemical stability, and poor safety [51]. Solid-state electrolytes (SSE)
replacing liquid electrolytes could eliminate safety concerns and also endeavor new possibilities

as new battery chemistries and design aspects [39, 58]. All-solid-state lithium ion batteries

21



(ASSLiBs) have a similar operational principle as the traditional LiBs, where lithium ions

deintercale from the cathode materials and transport trough the electrolyte towards the anode.

One of the fundamental problems is the volumetric expansions and contractions due to Li-ion
intercalation during charge-discharge processes, generating considerable internal stresses that
affect directly the cycle life and safety [27, 56, 100]. This effect can eventually lead to a formation
of micro-cracks, formation of Li-dendrites and other local structural defects at the

electrode/electrolyte interface [135-137].

A proposed electro-chemo-mechanical model based on FEM simulation establishes that fracture
can be prevented if the electrode-particle’s expansion is lower than 7.5% and the solid electrolyte
fracture energy higher than 4 J-m, assuming a solid electrolyte with Young’'s modulus of 15 GPa
[100]. Microstructural inhomogeneities within electrode/electrolyte interface; particle
misalignments and asperities are critical to enhance local tensile and shear stresses in the solid
electrolyte matrix [100]. In such a case, the crack nucleation and propagation becomes more likely
for tougher materials with high fracture energy, making the fracture properties of the electrolyte a

limiting factor for material s selection.

Characterizing the Young’'s modulus of solid electrolytes is important for solid state batteries, in
particular for stress-strain calculations. It is favorable that solid electrolytes deform elastically, in
order to maintain the contact between the electrodes during change in volume during charging and
discharge; therefore solid electrolytes should have an elastic modulus that is not too high. Even
though solid electrolytes with low stiffness were considered to be favorable for the design of bulk-
type properties [138], another study shows that solid electrolytes with Young’'s modulus in the

order of only 15 GPa are more prone to micro-cracking [100].

Moreover, it is expected that the solid electrolyte possess a sufficient mechanical integrity to be
handled during processing and withstand clamping forces when fixed between anode and cathode
[8], adequate stiffness and mechanical resistance to scratch. Accurate estimates of Young's
modulus and hardness are necessary for fracture toughness and for stress-strain calculations.
Appreciation of the mechanical properties also permits the fabrication of thinner electrolyte

membranes, i.e. 10-100 um thick.

22



2.2.4.1. Dendrite suppression

Short circuiting events have been first reported for Na-ion conducting solid electrolytes in Na
batteries and associate with stresses induced by a molten sodium metal plating that resulted in
crack propagation and eventual failure [139-141]. Recently, similar issues of short circuiting
events have been reported and investigated in more detail for inorganic solid electrolytes combined
with a Li metal anode [ 142-144], see Figure 2.7. On the other hand, thin film batteries using similar
systems seem to withstand dendrite formation [145, 146], however, the mechanisms are not fully

understood.

Surface of LLZO

Cross section of LLZO

6 mm

Figure 2.7- Dendrite failure reported in different SSE materials a) Ga-doped LLZO; b) Al-doped LLZO; c)
LiPON-Li interface [135].

Monroe and Newman suggested a kinetic model incorporating elastic effects, where the shear
modulus of the solid electrolyte should be at least more than twice that of Li metal (4.25 GPa) to
avoid Li metal penetration through the electrolyte [96, 147]. In this case, solid electrolytes with
minimum shear modulus of ~8.5 GPa would be expected to suppress dendrite initiation.
Nevertheless, materials with sufficient stiffness to warrant suppression of dendrite initiation and

propagation failed [55, 144], suggesting that this criterion alone is not a sufficient factor.
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Recently, Raj and Wolfenstine proposed an analytical model based on previously derived electro-
mechanical potentials at interfaces [148, 149], where they combine the interfacial stress and the
electrical potential and compared it with the standard potential of lithium to evaluate the nucleation
of lithium dendrites at the interface electrolyte/Li metal. According to them, the higher resistantce
of grain boundaries or physical irregularities raises the local electrochemical potential of lithium,
promoting the Li dendrite nucleation. Since there is no available result on literature, the model
assumes a solid electrolyte with fracture stress of 100 MPa, that acts as a back stress opposing to
the nucleation, fracture occurring by tensile stresses created by a defect as a pore when the
electrolyte is pressed against Li-metal, the normal traction at the interface is compressive, it creates
an equal tensile stress in the orthogonal direction, which can cause fracture. Assuming a
concentration of current density at the lithium interface of 1 mA-cm2, the dendrite will grow if the

interfacial charge resistance is greater than 13.7 Q-cm? [149].

It has been suggested that, minimal defect size on the surface, roughness or inhomogeneities lead
to an infiltration of lithium and produces stresses, which eventually drive crack propagation, given
that a critical current density is overpassed [40, 139]. Figure 2.8 shows interfacial flaws, either in
liquid or solid electrolyte, that are filled with metal and the proposed failure mode that follows

Griffith flaws.
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pre-existing defect

Propagation of metal filament

Propagation of metal filament

Figure 2.8- Schematic illustration of Li penetration in liquid and solid-state electrolytes, where red arrows
represent metallic growth into the bulk of the separator and blue arrows show electric field lines [40].

Another mechanism of lithium metal penetration proposes that due to electric field concentration
and low over potential the lithium metal first fill flows into pores and crack on the solid electrolyte
surface, then mechanical stresses rise. In that case, employing a plain strain analyses a relation
between stress gradient in the x-direction and shear stress is obtained [139]. In experiments, it was
noted that the aspect ratio is much higher, ~300 nm, however, the geometry of the Li filament is

simplified according to Figure 2.9.

Ox
___/ volume element

Li*

-— - . .

shear force

compressive force

Figure 2.9- Schematic model of Li filament into a solid electrolyte, arrows at the rounded end represents the
applied pressure and along the sides show shear traction due to friction [139].
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This model predicts that the maximal stress will occur at the filament and decay along its length
and the failure mode prevailing is Griffith-like. Considering an uniform stress inside the filament

and a linear elastic fracture mechanism, the criteria for crack extension is given by [139]:

g > Jic Eq. 15

_y\/na

where o is the internal stresses, K;¢ the fracture toughness of the solid electrolyte, y a geometry
factor of the surface crack shape being 1.12 for a half-penny shape surface crack, and « is the
defect size. Considering that internal stresses are equal to the maximum hydrostatic stress, which
was established previously, a correlation of a minimum over potential as function of flaw size is
established. Experimental measurements and model suggest that above a critical current density
of 1-5 mA-cm? (1 mA ~ 0.4 V) mechanical stresses due to the Li overpotential will lead to an

extension of surfaces defects [139].

In summary, a critical current density and high contact resistance at the interface electrolyte/anode
are key requirements to avoid formation of dendrites. Additionally, grain boundary effects,
microstructure, density and interface should be considered [144, 150]. In order to address these
issues, microstructural and interfacial modifications are being implemented to improve the contact
between electrolyte/electrode and reduce the interfacial resistance. For instance, liquid interfacial
layer or surface coating to increase wettability [55, 144, 151, 152], increasing contact area and
reduce surface defects [139, 153] and removing surface contamination by LiOH/Li,CO3 [154,
155].

2.2.4.2. Mechanical properties of LivLazZr3012 (LLZO)

Table 2.3 compiles the mechanical properties of LLZO collected from literature, revealing a range
of values for the mechanical properties, in particular the fracture toughness that varies with relative

density, grain size and testing method.
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Table 2.3 - Mechanical properties of garnet-structured LLZO solid electrolytes.

Compound Processing method Grain size Testing Method Elastic Hardness Vickers Kic
(pm) Modulus (GPa) (MPa\/ m)
(GPa)
Hot pressed 45-5.0 Resonant ultrasound 149.8 £0.4 63+£03(V2I9N) -
1000 °C/40MPa/1h Spectroscopy 62203 (V49 N)
Lie24La3Zr2Alo24011.98 Porosity = 0.03
[15] Hot pressed 45-5.0 Resonant ultrasound 132.6+£0.2 63 £04(V29N) -
1000 °C/40MPa/1h Spectroscopy 52 +£04(V49N)
Porosity = 0.06
Lie.17Alo2sLasZr03 Hot pressed 5-50 DFT (0 K) 162.6 -
[13] 1100 °C/8KN/1h DFT (298K) 154.5
Rel. Density > 98% Impulse excitation 146.1 £0.8
Dynamic indentation  150.3 £2.2
LissLasZr15Taos012 Hot pressed 1-10 DFT (0 K) 154.9 -
[13] 1100 °C/8KN/1h DFT (298K) 147.2
Rel. Density > 98% Impulse excitation 1399 +2.1
Dynamic indentation 153.8£2.7
Hot pressed 27+1.7 Nanoindentation ~135 GPa 47+£02(V~03N) ~237+0.1
1050 °C/62MPa/30min 8.1+ 0.8 (B~ 125 uN)
Rel. Density 85+ 1%
Hot pressed 32+19 - - 74+04(V~03N) ~13
Lic1o AloarLasZrO1 112)510 DC/62MPa/6Oir;1n 9.3+0.5(B ~ 125 uN)
[156] el. Density 95 + 1%
Hot pressed 35+1.8 - - ~8.8(V~0.3N) ~1.11
1050 °C/62MPa/90min ~9.1 (B~ 125 uN)
Rel. Density 96 + 1%
Hot pressed 37+18 Nanoindentation ~ 140 GPa ~9.1(V~03N) 0.97 £0.1
1050 °C/62MPa/240min ~9.1 (B~ 125 uN)
Rel. Density 98 + 1%
Lis24LasZr2Alo 24011 98 Hot pressed ~5 - - - 0.86-1.63
[14] 1000 °C/40MPa/1h

Rel. Density 97%

V= Vickers indenter, B= Berkovich indenter.
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The first report on the mechanical properties of cubic LLZO garnet materials was published in
2012 by Ni et al [15], where elastic modulus (E), bulk modulus (B), shear modulus (G) and
Poisson’s ratio (v) were evaluated by ultrasound spectroscopy and hardness via Vickers
indentation testing; values for the former four parameters were found to be ~ 150 GPa, 100 GPa,
59 GPa and 0.26, respectively. Fracture toughness values of hot pressed cubic
Lis24La3ZrAlo 2401198 with relative density of 97% have been derived by Wolfenstein et al. [14]
using indentation testing; values ranged from 0.86 to 1.63 MPaVm with predominantly
transgranular crack path and the crack analyses suggested that both half-penny and Palmqvist

cracks were present.

Another study compared experimental elastic moduli from nanoindentation to those calculated
using DFT [13]. Al-doped LLZO with composition Lis17Alp28La3Zr,O3 and Ta-doped with
composition LissLaszZrisTaosO12 were investigated and the theoretical prediction indicated that
Ta-doped material should have a lower elastic modulus compared to Al-doped LLZO, being in
agreement with lattice constant values, since theory and experiment revealed that Al-doped
material has a slightly larger lattice parameter. Small differences in measured values, shown in
Figure 2.10, were attributed by authors to experimental error. The micrographs of the fractured
surface reveals a grain size of specimen of 5-50 um, and 1-10 pm for the Ta-doped specimen

(Figure 2.10 a and b).

180

e Al-doped
= Ta-doped

0 140 280 420 560
Displacement into surface (nm)

Figure 2.10- Measured elastic modulus of Al- and Ta-doped LLZO and respective fracture surfaces a) Al-doped
and b)Ta-doped material [13].
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Recently, it was found that the relative density has a strong effect on mechanical properties of
LLZO [156]. Samples with grain sizes from 2.7-3.7 and densities of 85-98% showed a transition
from intergranular to transgranular fracture mode probably related to the relative density. The
crack propagation mode was associated with the crack deflection along grain boundaries that could
explain an observed increased fracture toughness with decreasing relative density (see Figure
2.11). An interesting conclusion of this work is that with increased relative density the conductivity

is also improved and, however, going along with a sacrifice in Kic.

(b)

Figure 2.11- Crack propagation trajectories for LLZO with a) 85% relative density and b) 98% relative density
[156].

An important aspect regarding mechanical properties is the consideration and, hence,
determination of values for single crystal and polycrystalline material and understanding the
influence of grain boundaries onto fracture toughness, elastic modulus and hardness. Sharafi et al.
[157] found that hardness decreased from 9.9 to 6.8 GPa as the average grain size increased from
5 um to 600 um, and therefore LLZO single crystal hardness can be represented by a value of 6.8

GPa. The fracture toughness was grain sizes invariant for sizes greater than 40 pm with values of
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~ 0.6 MPa-m'? and a higher toughness of 0.87 + 0.07 MPa-m!? was obtained for the smallest

average grain size (~5 um), which was associated with crack deflection along grain boundaries.

To fully understand the role of grain boundaries onto the mechanical properties, especial onto
fracture toughness, more studies have to be carried out. Hence, one of the aims of the current work
is to investigate the effect of grain boundaries onto fracture toughness as well as an assessment of

the intrinsic properties of single grains using advanced micro-mechanical testing.
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3. Experimental

Within the framework of this study, Li;La3ZrO12 samples with different dopants, porosities and
microstructures were produced at IEK-1, Forschungszentrum Jiilich GmbH, partially by the
present author and partially by collaborating scientists. Pellets were produced via different
synthesis methods and subsequently characterized with indentation tests to derive elastic, plastic
behavior and fracture toughness based on indentation and micro-pillar testing. Three aspects of the
LisLa3Zr;0O12 are considered in three separate sub-chapters, first the effect of doping on the
mechanical and electrical properties in order to find an optimum composition, and further porosity
effect. Second, optimization of the characterization methodology to assess the fracture toughness
via combination of indentation testing and micro-pillar, third, determination of the properties for
a dense composition to assess differences with respect to the first section in order to clarify the

aspects related to porosity and grain size and compositional variation.
3.1. Materials synthesis

3.1.1. Cold pressed
Unsubstituted, Al- and Ta- LisLasZr;012 (LLZ)

Unsubstituted lithium lanthanum zirconate Li;La3Zr,O12 (LLZ), Al-substituted LLZ (Al-LLZ) Lis.
mxAliLasZr012 (x=0.2,0.36) and Ta-substituted LLZ (Ta-LLZ) Li7,LasZr2,Ta,012(y = 0.2, 0.40,
0.60) powders were synthesized via a three step solid-state reaction in argon atmosphere. They
were prepared from LiOH - H,O (98%; Merck), LaxO3 (99.9%, dried at 900 °C, 10 h; Merck),
7Z1r02(99.5%, Treibacher), A1203 (99.9%, Inframat) and Ta20s (99.5%, Inframat). The educts were
mixed in stoichiometric amounts with an excess of 15% of LiOH - H>O to compensate the lithium
loss during the calcination processes. They were homogenized by grinding in a mortar (Retsch RM
200) for 1 h and pressed with uniaxial press into pellets of ~10 mm. A subsequent calcination at
850°C for 20 h in argon was done using graphite crucibles to avoid additional aluminum uptake.
Two more cycles of grinding, pellet pressing and calcination at 1000°C for 20 h in argon were
done. After calcination the LLZ pellets were transferred immediately into an argon glove box and

again ground into a fine powder. The relative density was quantified from the ratio between the
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specimen density via Archimedes' principle and theoretical density via JCPDS-ICDD database.
Table 3.1 compiles different substitution levels, sintering conditions and relative densities of

investigated materials.

Table 3.1- Substitution, sintering conditions and relative density of investigated materials.

Substitution Sintering Relative
[mol%] Atm./Temp. [°C]/ Density
Dwell time [h] [%]
Un-substituted
LLZ Ar/1150/10 77
Al-substituted
20Al:LLZ Ar/1150/10 90
20Al:LLZ Ar/1200/20 90
20Al:LLZ Air/1200/20 93
36ALLLZ Ar/1150/10 90
Ta-substituted
20Ta:LLZ Ar/1150/20 92
40Ta:LLZ Ar/1150/10 91
60Ta:LLZ Ar/1150/10 98

In order to permit a systematical investigation of effect of the porosity on the mechanical
properties, the dwell time during sintering, which directly affects the porosity, was varied. The
powder processing procedure and calcination steps of Ta-substituted LLZ LisslLa3Zri ¢Tao4012
(40Ta:LLZ) were the same as described above. Pellets were pressed using a uniaxial pressing
machine (Paul-Otto Weber) with metallic die under a force of 10 KN. The sintering was conducted
at 1175°C in an Air atmosphere for different dwell times of 4, 8 and 16 hours (40Ta:LLZ-4h,
40Ta:LLZ-8h, 40Ta:LLZ-16h), respectively. The heating rate was 5 K-min~! and the samples

freely cooled to room temperature. Details can be found in Table 3.2.

Table 3.2- List of samples and associated features.

Abbr. Sint. Atm./Temp. [°C]/ Rel. Density
Dwell time [h] [%]
40Ta:LLZ-4h Air/1175/4 86
40Ta:LLZ-8h Air/1175/8 90
40Ta:LLZ-16h Air/1175/16 93
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Al-LisLa3Zr,012 (LLZ)

Similarly as described above, three steps of solid-state reactions were employed to synthesize Al-
substitute Li;La3Zr2012 (Al:LLZO) with 20 mol% of Al. A total 50 g batches of La>xO3 (99.9%,
dried at 900 °C, 10 h; Merck), ZrO2 (99.5%, Treibacher), Al203 (99.9%, Inframat), Ta>;0s (99.5%,
Inframat) and 15% stoichiometric excess of LIOH-H20 (98%; Merck) to compensate the Li loss
during calcination were mixed via an automatic mortar (Retch RM200) for 1h to achieve a
homogenous mixture; afterward, the mixture was uniaxially pressed into pellets. A subsequent
calcination was carried out at 850 °C for 20 h, and the pellets were then immediately transferred
to an argon glove box and ground to a fine powder. The grinding, pellets pressing and calcination
processes were repeated for another two cycles with heating to an elevated temperature of 1000 °C
for 20 h. After the calcination steps, pellets were pressed using a 13 mm die and a pressure of
150 MPa. Subsequent sintering was done at 1200 °C in air for 20 h to completely densify the

specimens for mechanical properties investigation.
3.1.2. Hot pressed

Hot pressing (HP) is a high pressure shaping method, that by simultaneous application of heat and
pressure induces powder compaction and sintering. In this section, dense Al-doped and Al-free
Lis.cLa3Zr1.6Ta04012 (HP-LLZ:Ta and HP-Al free:LLZO) powders were synthesized by IEK-1
via solid-state synthesis (SS) and solution-assisted solid-state synthesis (SASSR), in order to form
samples with larger (LG) and small grains (SG) for intrinsic improvement of the solid electrolytes

in terms of conductivity, cycle stability and mechanical properties.
Conventional solid-state synthesis (SS)

Al-free and 5 mol% Al-doped Li6.cLa3Zr1.6Ta0.4012 were synthesized by conventional solid-state
synthesis. The corresponding stoichiometric amounts of LiIOH.H>O (with a 20 mol% excess for
the compensation of lithium losses in calcining and sintering steps), lanthanum (I1I) oxide La>O3
(99.9%, dried at 900 ° C for 10 h and then hermetically sealed before the Merck, Germany),
zirconium (IV) oxide ZrO; (99.5%, Treibacher, Germany), tantalum (V) oxide TaxOs (99.5%,
Inframat Corp., USA), and 5 mol% aluminum (III) oxide Al2O3 (99.9%, Inframat Corp., USA)
were weighed and mixed in a mortar mill (Retsch RM 200) for 30 minutes. Subsequently, the
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reacted mixture was pressed into pellets and annealed in an Al>O;3 crucible at 850 °C for 20 hours
(heating and cooling rate 5 K/min). After the thermal treatment, the pellets were ground in a mortar
mill for 30 minutes, pressed into pellets and calcined in an Al,O3 crucible at 1000 °C for 20 hours
(heating and cooling rate 5 K/min). Calcined pellets were ground again and mechanically
mortared. The prepared calcined powder was pre-shaped as pellet at 100 MPa and pressure

densified at 50 MPa and 1150 °C for 5 hours.
Solution-assisted solid-state synthesis (SASSR)

The same compositions described before for conventional synthesis, Al-free and 5 mol% Al-doped
Lis.sLa3Zr1.6Ta04012 precursor powder was synthesized by the solution-assisted solid-state
synthesis method. Lithium nitrate LiNO3 (with a 20 mol% excess, 99%, anhydrous, Alfa Aeser,
USA), zirconyl nitrate hexahydrate ZrO (NO3)2 .6H20 (99%; Sigma-Aldrich, USA) and lanthanum
(ITI) nitrate hexahydrate La(NO3); x 6H20 (99.9%; Alfa Aeser, USA) were dissolved in distilled
water (~200 ml); Tantalum (V) ethanolate C10H2505Ta (99.9%, Strem Chemicals, USA) was added
dropwise to the metal salt solution slowly with stirring on a magnetic stirrer. The reaction mixture
was dried and calcined at 300 °C and 400 °C to burn out the organic residues. The prepared calcined
powder was pre-shaped as pellet at 100 MPa and pressure densified at 50 MPa and 1077 °C for 3

hours.

Table 3.3 - Description of hot pressed specimens.

Specimen Synthesis method  Density (%)
HP-AL:LLZO-LG SS 99.9
HP-AI:LLZO-SG SASSR 99.1

HP-Al free:LLZO-LG SS 99.8
HP-Al free:LLZO-SG SASSR 99.5

3.2. Microstructural characterization

3.2.1. X-Ray diffractometry

The LLZO structural analysis and phase characterization was done by X-ray diffraction (XRD)
with a Bruker D4 Endeavour spectrometer equipped with a 1D detector LYNXEY and a
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DIFFRACP"s BASIC package 2009 using Cu-K, radiation. The synthesized LLZO powders were
analyzed at room temperature in a 20 range of 10° to 130° with a A2 =0.02° and 2 s per step. The
lattice parameters were determined via Rietveld refinement using the profile analysis software
TOPAS (Version 4.2, Bruker AXS GmbH, Karlsruhe Germany) and the crystal structures were
extracted from the Inorganic Structure Database (ICSD, FIZ Karlsruhe, Germany). Tetragonal and
cubic proportions below 10% by weight are not detectable, therefore cannot be presented, as well
as small amounts of secondary phases that are below the detection limit of XRD. Cubic and
tetragonal LLZO phases were identified with respect to JCPDS files no. 99-000-0032 and 99-000-
0020. Porous density (1-x%) quantified from the ratio (x%) between the specimen density via

Archimedes' principle and theoretical density via JCPDS database.

High temperature X-ray diffraction was used to investigate lattice parameter, phase stability and
transformation during heating and cooling. The diffractometer PANalytical EMPYREAN was
equipped with heating chamber Anton Paar HTK-1200N; tests were performed under vacuum (10~
> mbar) and in air, 260 range of 5° to 100° with a A2 =0.0137°, 0.4 and 0.8s per step and temperature
range from 25 to 1000°C with heating and cooling rates of 2 K/min.

3.2.2. Inductively coupled plasma optical emission spectrometry

The sintered specimens were characterized with respect to their stoichiometry concentration via
inductively coupled plasma optical emission spectrometry (ICP-OES). ICP-OES tests were
conducted at IEK-1 and by Zentralinstitut fiir Engineering, Elektronik und Analytik (ZEA-3)
(Thermo Elemental, IRIS Intrepid). LLZO powder was dissolved in HCI solution and injected
through plasma, the weight percentage of each element in the sample was measured by emission
spectrometer subsequent to an emission of light with certain frequency. The detection limit for

ICP-OES was 0.01 wt% as characterized via testing of 26 standard elements before analysis.

3.2.3. Electrochemical impedance spectroscopy

The conductivity measurements were performed by IEK-1 (Forschungszentrum Jiilich) by means
of the Electrochemical Impedance Spectroscopy (EIS). An “Alpha A High Performance
Frequency Analyzer” (Novocontrol Technologies, furnace included) was used to measure the

conductivity of pellets from each LLZ composition between 300 K and 650 K in steps of 50 K in
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a frequency range from 1 Hz to 20 MHz with an electrical field perturbation of 20 mV-mm-'. For
this test, the top and bottom of the cylindrical pellets were polished with 250, 400, 800 and 1200
grid sandpapers to remove any contamination and to flatten the surface. As blocking electrodes,
thin Au layers were sputtered on both sides, providing a good contact to the LLZ. Silver paste was
then painted onto the Au electrodes and annealed at 600°C for 30 min to provide a stable contact
to the impedance system. Impedance plots were determined by means of the electrochemical
impedance spectroscopy and the conductivity was derived from Nyqvist plots. For simplicity and

relevance reasons, impedance plots and conductivities only at the room temperature are reported.

3.2.4. Metallographic preparation

Before SEM and indentation testing, the specimens were embedded in an water-free epoxy resin
(Buehler Epoxy 2000, solidified at room temperature for 48h), ground sequentially with silicon
carbide abrasive paper from #400 to #4000 and gradually automatic polished (Buehler Minimet
1000) using cloth polishing and 3 pm and 1 pm diamond powders, respectively, in water-free oil
and subsequentially, as final step, polished using 0.2 pm SiC in water-free Polyethylene Glycol
(PEG) polishing suspension.

3.2.5. Scanning electron microscope and electron backscatter diffraction

The microstructures and topographies of the specimens were investigated by a field emission
scanning electron microscope (SEM) (FESEM; Zeiss Merlin) on polished cross section. Just before
the observation, the samples were polished to obtain a clean cross-sectional surface and remove
any moisture associated degradation. The grain size was estimated using the software AnalySIS
Pro based on the circular intercept segment mode of several SEM images. The orientation of single
grains was obtained by electron backscatter diffraction (EBSD). For EBSD analyses, and
accelerate voltage of 10 kV and step size of 2.24 um was used to construct the EBSD map.

3.2.6. Focused ion beam

The preparation of micro-pillar for fracture toughness evaluation was performed by focused ion
beam (FIB) which allows the preparation of micro-pillar with different diameter, 5 and 10 um, and

the ratio height/diameter was 1 for both cases. A FIB dual ion beam scanning electron microscope
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(FIB-SEMs; Zeiss Auriga) operated at 30 kV and 2 - 16 nA was used to prepare the micro-pillars.
The fundamental functionality is similar to scanning electron microscope, however, gallium ions
are generated by a field emission with tungsten needle which heated up the gallium until its melting

point.
3.3. Mechanical characterization

3.3.1. Depth-sensitive indentation test

Depth-sensitive indentation testing was carried out by a nano-/micro-indenter system (CSM;
Anton Paar) with a Berkovich tip that was inhoused in a vacuum chamber (< 1 ppm O, < 1 ppm
H>0), hence, permitting the control of the atmospheric boundary conditions to prevent degradation
due to moisture [158, 159]; the system possessed a high-resolution microscope (50x
magnification, CF IC EPI Plan ELWD, Nikon).

Elastic modulus (F) and hardness (H) were assessed on the basis of the widely used Oliver-Pharr
procedure [105]. They were recorded by applying continuous multi-cycle measurements (CMCs),
where 20 cycles with increasing load were implemented with quadratic loading and unloading to
5% of the maximum load in each given cycle. CMCs were performed to permit a calculation of
average mechanical properties and the standard deviation was derived at each corresponding
indentation depth. Advantages and disadvantages of the CMC method are discussed in [160, 161].
The load range, acquisition rate, holding time intervals and pause time corresponded to 5 mN to
500 mN, 10.0 Hz, 2 s and 1 s, respectively. The determination of elastic modulus was based using

a Poisson’s ratio of 0.24 for AI:LLZO and 0.26 for Ta:LLZ [13].
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Figure 3.1- a) Typical load- and depth-time profile of LLZ and b) indentation load versus indentation depth

Complimentary standard indentation was performed with different loads and different loading
rates on few selected samples. For each test a matrix of 5x4 was done with a proper distance
separation between the indentions, 5 times the indentation diameter. Maximum loads of 5 mN, 100
mN, 200 mN, 300 mN, 400 mN and 500 mN were implemented, with linear loading, holding
period was fixed to be 1s, loading and unloading times of 30 s were used.

For the hot-pressed samples a newly acquired nano-indenter NanoTest Xtreme (Micro Materials)
was employed to measure elastic modulus and hardness. A matrix of 5x5 indentations was done
load-control in continuous multi-cycling mode, minimum load was 5 mN and maximum load 50
mN, 20 cycles of loading-unloading were performed with holding time of 2s in order to focus on

the effective properties only.
3.3.2. Indenation fracture toughness

Fracture toughness values were derived on the basis of the conventional Vickers indentation
method (VIF) [114] to evaluate global and local fracture performance indicators, respectively.
Crack lengths induced by the Vickers indentation imprint were measured immediately after the
indentation process to avoid subcritical crack growth effects. Moisture associated degradation was
only considered to be a minor effect due to the test under vacuum conditions (10 mbar) [158, 159].
Based on the crack length (/)-to-indent impring half-diagonal (@) ratio (0.25 < l/a < 2.5), as
characterized from SEM images of cracks and complimentary crack shape analyses through cross-
sectional images carried out by FIB, the following fracture toughness formula for Palmqvist cracks

was selected for the calculation [120]:

P a
Kic = 0079 =73 log (4.5 H—a) Eq. 16

Up to ten indentations for loads of 1 N, 3 N and 5 N were applied to induce cracks with sufficient
crack length for toughness calculation. An microindenter Fischer HC100 and a macroindenter
Buehler Met 10 were used to introduce the impressions. For all samples, similar range of loads
were selected based on the materials behavior during the tests. The fracture toughness equation

based on Niihara approach for Palmqvist cracks was selected where apropriate for the calculation,
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the equation can be found in Table 2.2.
3.3.3. Micro-pillar splitting test

The micro-pillar indentation splitting test utilizes a Berkovich indenter [125, 133] to evaluate the
local fracture toughness (details see section 2.2.3.2). A FIB dual ion beam scanning electron
microscope (FIB-SEMs; Zeiss Auriga) operated at 30 kV and 2 - 16 nA was used to prepare the
micro-pillars, and the location and cross-sectional images of an as-prepared micro-pillars are
illustrated in Fig. 1 (a) and (b), respectively. The fracture toughness was calculated using equation

14 from section 2.2.3.2 [125] and the dimensionless coefficient f was estimated from g =
0.057 + 0.0149% [125, 128]. For Al-doped LLZO the elastic modulus to hardness ratio yielded

B=0.31 and the average pillar radius 5.1 £ 0.1 um.

The pillar’s aspect ratio (height-to-diameter) was fixed to 1 for all samples to relax any possible
residual stress [110, 125]. The method was only illustrated for selected material to permit derive
properties of individual grains and permit conclusions on the validity of the conventional VIF
method. For Al-doped LLZO all pillars were made within an individual grain to acquire data on
the intrinsic fracture toughness, avoiding effects of grain boundaries. A nano-indenter system
(CSM; Anton Paar) with a Berkovich tip was used, the load-displacement curves were recorded
during the load-controlled indentation (monotonously increased from 0 to 50 mN with a loading
rate of 1.67 mN/sec) to permit observation of the pop-in event associated with the pillar splitting.

Figure 3.2 shows SEM topographies of Al-doped LLZO.
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a)

Figure 3.2 SEM topographies: a) specimen surface and the selected areas for micro-pillar testing. B) micro-
pillar on single grain of Al-doped LLZO.

For hot pressed LLZO the same FIB station and similar parameters were used to fabricate the
micro-pillars on samples with small and larger grains sizes; pillar radius varied from ~2.5to ~5.3
um in order to investigate the size effect. Figure 3.3 and Figure 3.4 show the FIB fabricated micro-
pillar on HP-AL:LLZO-LG and HP-AL:LLZO-SG, respectively. These samples were tested with
the recent acquired NanoTest Xtreme (Micro Materials) which became available during the cause
of the project; the loading rate of 10 mN/sec was used up to the maximum load of 50 mN for pillar
with radius ~5.3 pm and 20 to 25 mN for pillar with radius ~2.5 um. Table 3.4 compiles the tested
samples and relevant features. The elastic modulus and hardness ratio yielded to f = 0.27, more

details can be found in results, section 4.3.2.2.

Table 3.4- Summary of tested samples by micro-pillar splitting test.

Tested Number of Diameter Description/
Samples pillars tested [um] Grain size [pm]
ALLLZO 5 10 Single crystal

~ 100
HP-AL:LLZO-LG 5 10 Single crystal
5 5 ~10
HP-AL:LLZO-SG 5 10 Polycrystalline
5 5 ~3
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Figure 3.3- SEM topography of hot pressed LLZO- larger grains HP-Al:LLZO-LG a) specimen surface and
the selected areas for micro-pillar testing with 10 and 5 pm diameter, b) typical micro-pillar of 10 pm diameter,
¢) and d) micro-pillar of 5 pm diameter.
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c) d)

Figure 3.4- SEM topography of hot pressed LL.ZO- small grains HP-Al: LLZO-SG a) specimen surface and the
selected areas for micro-pillar testing with 10 and 5 pm diameter, b) typical micro-pillar of 10 pm diameter, c)
and d) micro-pillar of 5 pm diameter.

The new NanoTest Xtreme (Micro Materials) system allowed a more accurate positioning of the
indenter above the pillars due to the 3D profiler/nano-positioning stage. The nano-positioning
system was used for imaging the sample surface before and after test, and allowed indent
placement with nm resolution while providing 3D imaging of the sample surface. The scanning
steps used during experiment varied from 0.1 to 0.5 um. 3D scan images can be seen in ~ Figure

3.5.
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a) b)
Figure 3.5- Scanned surface of HP-Al:LLZO-SG before testing a) plan view; b) 3D view of micro-pillar.
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4. Results and discussion

The results that are presented and discussed in the following concentrate on three aspects of
LisLasZr2012 that are considered in three separate chapters. First, results are presented on uniaxial
pressed LisLa3Zr,O12 (LLZ) as investigated in its pure, tetragonal phase and its stabilized cubic
phase, which is realized by substitution of different amounts of Ta and Al. The effect of
substitution and sintering conditions on phase composition, microstructure, electrical properties
and, as main focus, elastic modulus and hardness are investigated. Complementary mechanical

characterization focused on porosity effects and moisture related degradation.

Second aspect considered in a separate chapter is the optimization of the characterization
methodology to assess the fracture toughness via combination of indentation testing and micro-
pillar indentation splitting test. Due to the complexity of the analysis and methodological
improvement the section concentrates on one materials composition as representative example.
Hence, results are presented on uniaxial pressed Al-substituted LisLa3Zr2O12 (AL:LLZO) being
mechanically characterized and microstructural features are correlated. A novel method based on
micro-pillar indentation splitting is applied to assess the microscopic fracture toughness within
individual Al-doped LLZO grains and the outcome is compared with data derived from the

conventional VIF method as measure of the macroscopic fracture toughness.

In the third part, results of hot pressed Ta-substituted LizLa3Zr,O12 Al-doped and Al-free with
larger and nano-particles sizes, as synthesized via solid-state synthesis and solution-assisted solid-
state synthesis, are investigated. Aim is here to clarify the aspects related to density, grain size and
compositional variation. Hence, effects of doping, microstructure, surface properties and density
are correlated with elastic modulus, hardness and fracture toughness, especially, the grain size
dependence. Fracture toughness is investigated via the conventional VIF method and
complementary, novel micro-pillar splitting test for different pillar sizes, in order to also justify

and clarify potential aspects related to pillar sizes.

Overall, the aims were materials characterization and correlation with microstructural features as
well as dopant amounts, which included also refinement and implementation of advanced testing

methodologies and methods, which are illustrated for individual compositions. The clarification
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of procedures to determine elastic modulus and hardness as well as advancement of the fracture
toughness testing will obviously aid the characterization of degradation and operational related
effects which, however, could not be tested during the time of the thesis since operated materials

could not be made available by the project partner.

4.1. Substitution effect of LizLazZr2012

In this chapter, results are presented on the investigation of garnet structured Li;LasZr2O12 in its
pure, tetragonal phase and its stabilized cubic phase which is realized by substitution of different
amounts of Ta and Al. Hence, effects of substitution and sintering conditions on phase
composition, microstructure, electrical properties and, as main focus, the mechanical properties
are investigated. Sintering is carried out in air and argon atmosphere at temperatures of 1150 and
1200 °C. The Ta substitution ranges up to 60% and the Al substitution up to 36% to obtain fully
cubic samples. The mechanical properties were assessed via depth-sensitive indentation testing
and the resulting variations (e.g. microstructure and porosity) were taken into account when
drawing conclusions from experimental results and derived values represent either the pure
materials properties (e.g. close to single crystal values) or the effective ones, respective of
microstructural effects. Preparation of the samples and conductivity measurements were carried
out by partners at IEK-1 and the results presented in this chapter are already partially published in
[162].

4.1.1. Conductivity, phase composition and microstructure

Table 4.1 gives a compilation of relative density, grain size, and ionic conductivity at room
temperature and ICP-OES results for the different elements of the materials variations in terms of
substitution tested in the current study. It is obvious that the substitution (and density) has a strong
impact on the total Li-ion conductivity, with Ta outperforming most of the Al substitution based
compositions and both being approx. 4 orders of magnitude better than un-substituted LLZ, which
agrees well with results given in the available literature [163, 164]. Also in agreement with
literature reports, the change of sintering atmosphere from air to Ar has only a minor effect on the

total Li-ion conductivity [165]. However, to correctly correlate fundamental materials property to

45



effects of the specific processing conditions and thus the apparent quality of our samples, in

addition the interrelated effect of the relative density of the samples has to be considered.

Table 4.1- Substitution, sintering conditions, relative density, total Li-ion conductivity and composition

Substitution Sintering Relative Li-ion ICP-OES
[mol%)] Atm./Temp. [°C]/  Density Conductivity Elements
Dwell time [%o] [RT] [S cm!]
(h]
Li Li La Zr Al Ta
Un-substituted
LLZ Ar Ar/1150/10 77 2.23E-08 6.94 3 198 - -
Al-substituted
20A1:LLZ Ar/1150/10 90 1.89E-04 7.42 3 197 0.14 -
20ALl:LLZ Ar/1200/20 90 2.21E-05 7.05 3 198 0.16 -
20ALl:LLZ Air/1200/20 93 2.08E-05 6.91 3 198 0.13 -
36ALLLZ Ar/1150/10 90 2.45E-04 6.58 3 196 0.32 -
Ta-substituted
20Ta:LLZ Ar/1150/20 92 2.97E-04 6.79 3 176 0.05 021
40Ta:LLZ Ar/1150/10 91 4.73E-04 6.22 3 1.53 0.07 040
60Ta:LLZ Ar/1150/10 98 6.80E-04 6.35 3 135 0.04 0.57

In Figure 4.1 , the total Li-ion conductivity as a function of density is plotted for un-, Al and Ta

substituted LLZ and the inset of an exemplary Nyquist plot for 40Ta:LLZ obtained at room

temperature is shown. Unfortunately, the contributions from bulk and grain-boundary conductivity

could not be resolved with the equipment and thus only the total ionic conductivity was used for

comparison of the samples. For the samples sintered at 1150 °C, a clear dependence of the total

conductivity on the density can be seen (black line as guide to the eye), whereas for the ones

sintered at 1200 °C, the conductivity values appear to be much lower than expected.
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Figure 4.1- Total Li-ion conductivity for all samples at room temperature as a function of density. Inset:
representative Nyquist plot for 40Ta:LLZ at room temperature from 7 MHz to 36 Hz.

Rather than a change in the cubic to tetragonal ratio, this is most likely a result of the formation of
small amounts of secondary phases that are below the detection limit of XRD, since this sintering
temperature is closer to the decomposition temperature. Additionally, if the 1150 °C data are
extrapolated to 77% density, it is obvious that the conductivity value for the un-substituted LLZ is
about three orders of magnitude lower than might be expected on the basis of these data. An
explanation that found widespread acceptance in literature is the existence of a poorly conducting
tetragonal phase [84, 85, 166], which appears also to be reasonable for the current un-doped

material. Hence, in following the effect of the phase composition is discussed in more detail.

Figure 4.2 presents the X-ray diffraction patterns for polycrystalline LLZ, 60Ta:LLZ and
36Al:LLZ. For LLZ the patterns are consistent with a single tetragonal phase. 60Ta:LLZ
40Ta:LLZ and 20Ta:LLZ substituted that was sintered in Argon at 1150 °C for 20 h showed purely
a cubic phase (see Table 4.2), whereas the other specimens (see X-ray diffraction patterns in

Appendix) revealed a mixture of cubic and tetragonal phases.
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Figure 4.2- XRD patterns of pure LLZ, 60Ta and 36Al doped LLZ.

Rietveld refinement was used to obtain the respective tetragonal and cubic phase fractions, being
compiled in Table 4.2, which verified the influence of the substitution and sintering conditions on
the crystal structure. It can be deduced that, for Al substituted LLZ, higher sintering temperatures
and using air instead of Ar, reduced the tetragonal phase amount significantly, even for the same
Al concentrations. For Ta substituted LLZ an almost pure cubic phase was obtained when sintered
in Ar, although some tetragonal phase was observed when sintered in air. However, this does not
seem to affect the overall conductivity very much, a behavior also reported previously for Al
substituted LLZ [164]. As a result, the Al substituted LLZ samples obtained here show no
significant dependence on the volume fraction of tetragonal or cubic phase. Within the Al and Ta
substitution, a variation of up to a factor 2 to 5 can be found, which is, however, also a result of
the processing and not only due to intrinsic material properties. In summary, the substitution and
processing of LLZ with the resulting correlation of, porosity and phase content to the ionic
conductivity, shows that both have a strong impact and are thus of utmost importance to the final

cell performance.
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Table 4.2- Lattice parameters and portion of tetragonal phase obtained from Rietveld refinement.

Sintering Proportion of
Substitution Atm./Temp. [°C]/  @ctragonal  Ctetragonat ~ Cubic
[mol%] Dwell time [A] [A] [A] tetragonal phase
[“0]
[h]
Un-substituted
LLZ Ar Ar/1150/10 13.1239  12.6639 100
Al-substituted
20A1:LLZ Ar/1150/10 13.114 12.681 100
20ALLLZ Ar/1200/20 13.114 12.691 13.000 85-95
20A1:LLZ Air/1200/20 13.093 12.716 12.970 40-60
36ALLLZ Ar/1150/10 13.074 12.802 12.988 45-55
Ta substituted
20Ta:LLZ Ar/1150/20 ~12.94 0
40Ta:LLZ Ar/1150/40 =12.94 0
60Ta:LLZ Ar/1150/10 =12.94 0

To obtain a deeper understanding of microstructural effects, which are also very important

especially for the mechanical properties, Figure 4.3 shows typical cross-sections of the un-

substituted LLZ as well as Ta and Al substituted LLZ samples. The microstructure of the un-

substituted LLZ consists of a large open porosity and the grain size varies from 2 to 30 pum. In

general, Al:LLZ samples possessed bigger grains, with sizes up to 300 pm and Ta:LLZ specimens

had grains size from 4 to 30 um, both featuring larger amounts of closed pores inside the grains.

Resulting porosities are compiled in Table 4.1.
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Figure 4.3 - SEM micrographs of a) un-substituted LLZ sintered in argon at 1150 °C for 10 h b) 60Ta:LLZ
sintered in argon at 1150 °C for 10 h ¢) 20Al:LLZ sintered in argon at 1150 °C for 10 h and d) 20Al:LLZ
sintered in air at 1200 °C for 20 h.

4.1.2. Mechanical testing results

The aforementioned microstructural effects play an important role in the interpretation of assessed
mechanical properties of the samples. Depending on the load and associated indentation depth, the
response of the specimen will be dominated either by the material (material properties subscript
mat) or by microstructural features related to the porosity and imperfections (effective properties
subscript eff). Derived from the average grain sizes and closed pores in the microstructures, the
material s properties of our samples were determined on the basis of a penetration depth of only a
few hundred nanometers. The impression sizes of the indents in these cases are very small, thus it

can be assumed that the effects of the porosity and grain size, shown in Figure 4.3, are negligible
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and the obtained values are representative of the real materials properties. The respective data are

presented in Table 4.3 to get insight into the effects of Al and Ta substitution.

Table 4.3- Effect of Al and Ta doping on porosity, phase content, elastic modulus and hardness.

Substitution Sintering Porosity =~ Tetragonal — [F .. Hat Eett Het
[mol%)] Atm./Temp./ [%] Phase % [GPa] [GPa] [GPa] [GPa]
Dwell time
[°C] [h]
Un-substituted
LLZ Ar/1150/10 23 100 156+9 10.1+0.5 71+£3 2.1£0.6
Al-substituted
20Al Ar/1150/10 10 100 161+2 103+£03 125+11 6.8+1.1
20Al A1/1200/20 7 85-95 163+4 103+£02 162+5 7.6+£0.6
20Al Air/1200/20 10 40-60 162+1 9.6+03 134+16 64=£1.1
36Al Ar/1150/10 10 45-55 142+1 107+0.1 127 £7 6.7+13
Ta substituted
20Ta Ar/1150/20 8 0 141£2 9.0 +02 1176 62+09
40Ta Ar/1150/10 9 0 124+3 9.8 +04 82+10 52«10
60Ta Ar/1150/10 2 0 149+7 11.8+02 97 +8 58%1.2

For the Al substituted material, the materials elastic moduli of the specimens sintered at the 1200°C
under either Ar or air agree very well with the data obtained for the specimen sintered at 1150°C
for the same dopant level. The elastic modulus decreases for higher Al contents, however, the
lower amount of cubic phase for the specimen sintered at 1200 °C under Ar is not reflected in the
data. Tetragonal and cubic proportions below 10% by weight are not detectable, therefore are not
presented here, as well as small amounts of secondary phases that are below the detection limit of

XRD.

Figure 4.4 a) presents the elastic modulus of the material Emac for the Al substituted material along
with a data point from literature [13] (open square), for the sintering condition Ar, 1150°C, 10 h.
The E values obtained in this work are in good agreement with values from literature for dense
material 28% mol Al-LLZO, in fact, the elastic modulus measured via dynamic nano-indentation

is reported to be 150.3 + 2.2 GPa [13].
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Figure 4.4 - (a) Epa for 36Al- and 20A1-LLZ Al dopant and a data point for 28 Al-LLZ from literature[13] (open
square). (b) Emac for 60Ta- 40Ta- and 20Ta-LLZ sintered in Ar for 10 h and a data point for S0Ta-LLZ from
literature [13] (open square). Value for un-substituted LLZ is shown for comparison as dashed line.

Overall, for the investigated Al substitutional range, the elastic modulus of the material increases
with the substitutional level. Compared to the un-substituted material (dashed line), the elastic
modulus is higher for low dopant levels (20%) and lower for higher ones (28:LLZ and 36:LLZ).
In general, the elastic modulus is related to the lattice parameter, i.e. a smaller lattice parameter is
a result of a stronger interatomic bonding and hence higher apparent elastic modulus. In the case
of Al substitution, the lattice parameter drewragonat decreases, while Cieragonal 1ncreases with
increasing substitution level, leading to an overall increase of the elastic modulus. This structural
change leads to an overall increase of the elastic modulus. However, at higher substitutional levels
the amount of tetragonal phase decreases, which in turn leads to a decrease of the elastic modulus
due to the lower elastic modulus of the cubic phase (see Ta:LLZ results, below). The decrease due
to the cubic phase is stronger than the increase due to the change of the lattice parameters of the
tetragonal phase, leading to an overall decrease for 28:LLZ and 36:LLZ and, hence, absolute
values below that of the un-substituted LLZ (dashed line) in Figure 4.5.

Figure 4.4 b) shows the Young's modulus (E4) as a function of the Ta substitution along with a
data point from literature. Overall, the Ena of Ta substituted material obtained in the current work

are in good agreement with the experimental value of £=153.8 +2.7 GPa reported for 50 mol%
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Ta:LLZ with 97% relative density, measured by dynamic nano-indentation, and also the value

calculated by DFT extrapolation (298 K) £ =147.2 GPa [13].

In contrast to the Al:LLZ case, it can be seen that the elastic modulus tends to increase with Ta
substitution, although the scatter, especially at higher substitution levels, is rather large. Compared
to the un-substituted material (dashed line), the elastic modulus is lower, which is attributed to the
predominant cubic phase, which is then in good agreement with the effect of a cubic phase in the
case of Al substitution (see above). At higher substitutional levels the elastic modulus becomes
again more similar to that of the un-substitution material, where a slight bias of the data by grain

size and porosity differences cannot be ruled out.

The larger scatter of the hardness data for low loads that were applied to obtain the materials
properties, is mainly related to the surface (roughness) sensitivity of this materials property (plastic
zone is typically ten times smaller than elastic zone), does only permit a general support of the
trends observed for the elastic modulus for the Ta substitution material. To obtain the effective
values for elastic modulus and hardness, higher loads of ~ 500 mN (penetration depth of ~2000
nm) were chosen to be representative for the global behavior of the materials and investigate
especially the effect of porosity. Figure 4.5 shows indentation marks on 20Al:LLZ obtained at
higher loads, revealing possible moisture related degradation at the surface, which occurred during
the transfer from the nano-indenter to SEM. Moisture effects are considered in more details in

section 4.1.4.

Figure 4.5- SEM micrographs of indentation marks at 500 mN on 20Al:LLZ.
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The effective data are compiled in Figure 4.6 a) and b), respectively, where Ta doped and Al
substituted specimens are indicated by different colors. In general, hardness and elastic modulus
should decrease with increasing porosity and increasing grain size. However, contrary to initial
expectations, a clear decrease of both properties with increasing porosity is not revealed, but is
superimposed by the significant changes of the materials properties that was discussed above, e.g.

the slightly higher Emat of the of the Al:LLZ compared to the Ta:LLZ and the effect of the dopant

level.
180 10
160 ¢ 9
140 4 8
L ]
74
— 120 | § ?
[0} —_—
o & 6 -
9, 100 4 % 1)
i _'E 5
W go - x
i 44
60
34
] ] I
n TallZ L
20 | ® A-LLZ 14 : Li_LLLLzZ
A Un-substitued LLZ A Un-substitued LLZ
0 . . . . . . . . . 0 = ; : ; . . . ; .
0 5 10 15 20 25 0 5 10 15 20 25
Porosity (%) Porosity (%)
a) b)

Figure 4.6- Effective mechanical properties (determined using high loads) plotted as function of porosity (a)
effective elastic modulus (E.p) (b) effective hardness (Hep).

Comparing only Al substituted and un-substituted material, the expected trend, a decrease with
increasing porosity, becomes more apparent. However, it has to be considered that, although being
a global property, this effective elastic modulus is also affected by the materials elastic modulus,
hence, especially for the 36Al-LLZ the value is decreased, since this material possess as materials
property a lower value than the un-substituted and the 20% Al substituted material. The 20Al
substituted specimen sintered at 1200°C in Ar has a value that is higher than all other specimens
indicating that, since materials properties agree with the other 20% substituted specimens, the local
porosity might have been inhomogeneous for this specimen and the locally tested volume in the

considered measurements was rather dense.
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In case of the Ta substituted specimens no trend can be observed but all modulus values appear to
be rather low for the considered porosity range, however, again it has to be considered that the
effective elastic modulus is also affected by the materials elastic modulus and values for the Ta
substituted material were lower than for the un-substituted material, leading then to also rather low

global values for the tested porosity range.

This effects need to be considered during component manufacturing and modelling, since the
deviation from the materials values is large, even for rather dense samples (92—98% of theoretical
density) and global, effective elastic properties are often reflected in reduced materials fracture
stress. Otherwise, this behavior (i.e. the lower global properties) might lead to unexpected
component failure due to insufficient mechanical stability, especially when parts with large areas
and small thickness need to be handled. Overall, the behavior observed for the elastic moduli is

also reflected in the hardness values.

Finally, the dependence of the effective properties on grain size has been analyzed. LLZ consists
of a large open porosity and the grain size varies from 2 to 30 um, Al:LLZ samples possessed
bigger grains, with sizes up to 300 pum and Ta:LLZ specimens had grains size from 4 to 30 um. In
general, the data appear to indicate an increase of elastic modulus and hardness with increasing
grain size [167], however, for the Ta substituted material data are again biased also by the lower
materials property compared to un-substituted material, as discussed above for the locally
measured properties. The un-substituted LLZ on the other hand shows rather low elastic modulus
and hardness values at the particular grain size, 71 +3 GPa and 2.1 £ 0.6 GPa, respectively, since
here the porosity effect dominates (Figure 4.6) i.e. the porosity of this particular specimen is more
than double of that of all doped specimens since production of more dense un-substituted material

was not possible.
4.1.3. Conclusions and outlook

Garnet structured LizLa3Zr,O12 substituted in terms of different ratios of Ta and Al, sintered under
various conditions, was characterized with respect to electrical properties, phase composition,

microstructure and as main focus, mechanical properties.
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The substitution has a high impact on the total Li-ion conductivity, with Ta generally
outperforming some of the Al substitution based compositions and both being approx. 4 orders of

magnitude better than un-substituted LLZ, even if effects of porosity are considered.

Rietveld refinement revealed the influence of the substitution and the sintering conditions on the
crystal structure. For Al:LLZ, higher sintering temperatures and using air instead of argon reduced
the amount of tetragonal phase significantly, even for the same Al concentrations, but resulted in
poor total Li-ion conductivity. For Ta:LLZ, an almost pure cubic phase was obtained when sintered
in argon, although some tetragonal phase was observed when sintered in air. However, this does

not seem to affect the overall conductivity very much.

With respect to the mechanical properties, the elastic modulus of Al:LLZ is affected by both lattice
parameter and phase ratio, leading to an increase at low and a decrease at higher substitutional
levels compared to the un-substituted LLZ. For Ta:LLZ the values are always lower than for un-
substituted LLZ, however, slowly approaching this value at higher dopant levels, which can again

be related to lattice parameter and phase ratio.

Global, effective specimens mechanical properties obtained at higher indentation depths/loads are
affected by both the properties of the material itself (including grain size effects) and the porosity.
For Ta:LLZ the rather low values even for high density samples need to be kept in mind when
considering component design and manufacturing, since often elastic moduli behaviors are also

reflected in materials fracture strengths.
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4.1.4. Porosity effect

In order to investigate the porosity effect onto the mechanical properties systematically, the most
promising electrolytes were selected, particularly 40 mol% Ta-substituted LLZ,
LissLazZr1.6Tao 4012, and 20 mol% Al-substituted LLZO, Lissl.a3zZr1 ¢Alo2012 and submitted to a
more detailed mechanical investigation. Materials were systematically sintered for different dwell
times in order to obtain samples with different apparent densities. The powders were produced by
a partner from IEK-1 and the samples were pressed and sintered in IEK-1 by the present author.
The following sections present microstructural and mechanical results for both materials. Since

being out of the main focus here, the conductivities for these samples were not measured.

It is important to note that, even though the battery system relies on a dense electrolyte and the
goal is investigate dense materials, it is crucial to understand the role of the porosity since the most
common synthesis procedure, solid state reaction, normally results in some residual porosity
(~10%). Optimized materials produced via hot-pressing are investigated in this work and the

results are presented and discussed in a forthcoming chapter.
20Al:LLZ

Microstructure and phase composition

Table 4.4 presents the microstructure, grain size and porosity of 20A1:LLZO sintered for 2, 20 and
40 h dwell time, respectively. The choice of the sintering time was based on previous investigations
of high conductive mixed phase Al-substituted LLZO [168]. In this case, the porosity measurement
was carried out with software AnalysSIS using SEM images, more details can be found in the
experimental section. Overall, as expected, the porosity decreased with increasing sintering time.
The microstructure has a bimodal grain distribution for all sintering times, revealing areas with
larger grains and areas with smaller grains with residual porosity, the average grains sizes are

compiled in Table 4.4.

Table 4.4- Microstructure, grain size and porosity of Al-substituted LL.ZO sintered for different dwell times.

20A1:LLZ-2h 20A1:LLZ-20h 20A1:LLZ-40h
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Optical and

SEM images
Grain size Large grains — 56.3 Large grains 87.2 Large grains 83.2
(pm) Small grains 6.8 Small grains < 10 Small grains < 10
Porosity*(% 13.8 11.2 9.7
)

* Uncertainty is ~ 2.5% for all samples.

Figure 4.7 shows the XRD patterns of 20A1:LLZ-2 h, the characteristic six main reflexes between

50 and 55 indicate that the samples consists of tetragonal phase. Investigation with Rietveld

refinement revealed that all samples consisted of mixed tetragonal and cubic phases. Minor

impurities such as LiAlO; and LazLiosAlo.sO4 were detected.
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Figure 4.7- XRD pattern of 20Al:LLZ-2h.

In order to provide a better understanding and correlate the mechanical properties with grain
orientation, EBSD test was carried out. However, even though the preparation was carefully
performed, only one of the tests partially worked on 20Al:LLZO-2h, however, the results were
inconclusive, the image is displayed in Appendix. The failure to achieve successful EBSD tests
was attributed to the formation of a soft layer on the surface of all tested LLZO, which resulted in

a weakening of the patterns.

Mechanical properties and fracture behavior

Mechanical properties of 20A1:LLZO were investigated using a Berkovich diamond tip indenter
under continuous multi-cycling (CMC) mode to permit a rather fast assessment of the properties
as function of load/depth. Figure 4.8 a) and b) illustrate the individual multi-cycle indentation test
results as function of displacement, corresponding to elastic modulus and hardness. Figure 4.8 ¢)

gives the average and standard deviation of the mechanical properties as function of displacement.
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Figure 4.8 - Mechanical properties of 20A1:LLZO-2h as function of depth displacement a) single results of
elastic modulus b) single results of hardness c) average of E and H as function of penetration depth.

Table 4.5 compiles the mechanical properties at low load range and high load range, respectively,
extracted from the average of all indentation. The elastic modulus of the material obtained from
the low load range and low penetration depths (corresponding to ~ 50 mN and 300 - 600 nm) is
higher than the elastic modulus of the bulk of the specimen obtained at higher penetration depths
and higher load (~ 500 mN, 1600-2000 nm). Looking at the materials properties for 2 and 20 h
sintering time samples, they are independent of porosity as expected, and also for 40 h considering
the uncertainty. Assuming that at the maximum penetration depths the area beneath the indentation
it is much larger, the values can be affected by residual porosity and grain boundaries, therefore
referred here as effective properties. For effective elastic properties, for 20 and 40 h the results
agree within the limits of uncertainty. For the hardness the expected trend is observed, the effective

hardness decreases with increasing porosity.

Surprisingly and in contrast to expectations, the elastic modulus is rather constant for 20Al:LLZO-
2h, even for larger penetration depths, revealing that the locally measured property was not
affected by microstructural inhomogeneities or defects. Note, for the testing with Al-doped LLZO,
the indentations were intentionally placed in dense areas (not necessarily equally spaced, as for the
next material 40Ta:LLZO) and for 20A1:LLZO-2h specifically, it could be that not a representative
porosity was encountered beneath the tested surface. This is the possible origin why the mechanical
properties remained constant even at higher penetration depths. Such behavior was observed also
for one of the Al-doped materials (20A:LLZO with 7% porosity) in the previous section, where

materials properties and effective properties are the same, indicating that for an assessment of
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global porosity effects testing of larger effective volumes are necessary, i.e. using for example
impulse excitation, which could not be realized in the current study due to limits in materials

availability and specimens’ geometries.

As stated above, looking at the hardness, it reveals a decrease with increasing load, such an effect
was noted also for the other samples (see Table 4.5, graphs are displayed in Appendix), where a

diminution of approximately 30% is observed for the effective hardness.

Comparing the values from Table 4.5 with similar composition in the previous section, the
materials properties, elastic modulus and hardness are in the same range, ~161 GPa and ~10
GPa, respectively.

Table 4.5 — Mechanical properties of Al-substituted LLZ material, extracted from CMC mode at the low load
range (materials properties) and high load range (effective properties).

Elastic modulus (GPa)

Specimen Materials properties Effective
20A1:LLZO-2h 159.2+8.3 155.4+7.1
20A1:LLZO-20h 1543 +8.5 120.6 + 8.6
20A1:LLZ0O-40h 1455+7.7 113.4+5.7

Hardness (GPa)

Specimen Materials properties Effective
20A1:LLZO-2h 10.1£0.8 7.0+£0.8
20A1:LLZO-20h 9.8+0.9 7.5+0.9
20A1:LLZO-40h 10.5+0.8 87+0.6

To investigate the influence of porosity at higher loads (1 N in this case, due to sample size), 25
indentations where placed at determined dense areas, test with a Vickers diamond tip (Fischer)
applying 1 N load, the tests were done in a glove box with nitrogen. Table 4.6 gives the results
obtained for elastic modulus, hardness and the corresponding maximum penetration depth, /m.
Figure 4.10 shows the surface with indentation marks on the denser locations, as an example of

effects on the material behavior, which is discussed in more details in the following.
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Table 4.6- Elastic modulus, hardness and maximum penetration depth of 20Al:LLZO obtained for Vickers
indentation at 1 N.

Effective Properties at 1 N

E (GPa) H (GPa) hm (nm)
20A1:LLZO-2h 93.1+£6.2 6.8+0.7 ~3000
20ALl:LLZO-20h 103.9+5.2 84+0.7 ~2750
20AL:LLZO-40h 117.0+5.7 8.6+0.6 ~2700
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Figure 4.9 - Influence of porosity on mechanical properties of 20Al:LLZ sintered for different dwell times.

Since the indentation test was performed load-controlled, the maximum penetration depth (4,,) was
different for all tested samples. As might be expected, the porosity reduces both elastic modulus
and hardness, even though the material appeared to be dense in the surface, due to apparent

porosity within the effectively deformed volume (ten times the plastic zone, i.e. ~1500 um?).

Figure 4.10 shows SEM micrographs of typical indentation marks; load of 1 N on 20AL:LLZO. To
determine the fracture toughness, the materials properties £ and H presented in Table 4.5 were

used. The obtained results are summarized in Table 4.7 and are discussed next.
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Figure 4.10- SEM micrographs of typical indentation marks at 1 N in a) 20A1:LLZO-20h; b) 20A1:LLZO-2h;
¢) 20Al:LLZO-40h.

Even though the average crack length is ~ 9 um for all samples (see in Table 4.7), the resultant
cracks exhibited rather asymmetrical lengths and spallation in regions close to porous and smaller

grain, a behavior observed especially for 20A1:LLZO-2h, probably due to its larger porosity.

In order to calculate the VIF toughness an accurate crack shape determination is necessary. A way
to determine the indentation crack shape is to break up a sample after applying a line of indents
and observe the area beneath the indents. Two compositions 20A1:LLZO-2h and 20Al:LLZ0O-40h
(the most porous and the denser) were selected as example to illustrate the materials’ behavior, see
Figure 4.11. Concentrating on this aspect, the load was kept constant at 1 N in order to verify the

Kic dependence on porosity; the final Kjc value was based on minimum 5 indentations.

The crack growth appears to be highly influenced by aspects influencing the local stress field in
the respective local microstructure, i.e. grains and porosity. It is also possible to observe a
transgranular crack mode, in both small and larger grains. Furthermore, in the central region
beneath the Vickers impression, which is under compression stress, the material crushed. Overall,
a determination of crack shape was not possible using this method due to the microstructural
complexity and hence, instead it was purely based on the criteria 0.25 < //a < 2.5 indicative of
Palmqvist crack shape. Hence, the calculation of Vickers fracture toughness (VIF) was performed
applying a load of 1 N and utilizing Equation 6 from section 2.2.3.1 for a Palmqvist crack shape
[114].
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Figure 4.11- SEM images of indented cross-sections of a) and b) 20Al:LLZ-2h lower and higher magnification
and c) and d) 20Al:LLZ-40h lower and higher magnification.

Table 4.7- Summary of average crack length, //a ratio and Kic of 20Al-subsituted LLZO.

Specimen Average crack lla Kic
length / (um) (MPa-m®?)
20A1:LLZ-2h 9.7+£2.0 1.3 1.28£0.10
20A1:LLZ-20h 9.0+1.9 1.2 1.33£0.15
20A1:LLZ-40h 95+1.8 1.3 1.40+0.10

The determination of the cracks lengths was difficult in the cases where the indentations were

affected by porosity and local defects even for the denser sample (see Figure 4.12); these led to a
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rather high deviation in the crack length measurement ( ~20%) and higher uncertainties in the

final Kic.

Figure 4.12- SEM micrographs of typical indentation marks at 1 N in 20Al: LLZO-40h.

An apparent porosity effect is observed; the fracture toughness increased from 1.28 to 1.40
MPa-m’> with decreasing porosity (from 13.8 to 9.7%), being in contradiction to literature reports
for similar material, where samples of different densities and grain sizes (85 to 98%, 2.7 to 3.7
pm) have shown an increase of fracture toughness with increasing the porosity [156]. It was
suggested by these authors that crack deflection along grain boundaries can explain the increase
in fracture toughness with decreasing relative density, an effect that cannot be confirmed by the

current study.
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40Ta:LLZO
Microstructure and phase composition

Table 4.8 presents the microstructure, grain size and porosity of 40Ta:LLZO sintered for 4, 8 and
16 h dwell time. The choice of the sintering times was based on previous investigations [144].
Porosity and grain size were measured using the same methods as in the previous section, for
20AL:LLZO. As expected the porosity decreased with increasing sintering time and the grain size

remained constant within the limits of uncertainty.

Table 4.8 —Microstructure, grain size and porosity of 40% Ta-substituted LLZO sintered for different dwell
times.

40Ta:LLZ-4h 40Ta:LLZ-8h 40Ta:LLZ-16h

SEM

Images

Grain size
92+5.0 10+5.0 12.8+6.0
(um)

Porosity* 13.8 10.2 8.7
(%)

* Uncertainty is approximately + 1.5% for all samples.

X-ray diffraction was used to characterize the phases of samples after sintering, the XRD spectra
of 40Ta:LLZ-16h is shown in Figure 4.13, XRD for other compositions are given in Appendix.
The sintered materials mainly consist of cubic phase, space group Ia-3d SG, however, a weak
reflex of a second phase was seen, which was identified to be perovskite lanthanum aluminate

(LaAlQ:3), reference code (01-070-4109). The lattice parameter calculated for the main phases are
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a =12.450 A and 12.448 A, for 40Ta:LLZ-8h and 40Ta:LLZ-16h. It is not clear if the second
phase can have an effect on the mechanical properties of the material. For 40Ta:LLZ-4h pure

cubic phase was identified, lattice parameter a = 12.949 A.

Counts
EHSBOL 40Ta-LLZO-16h; Li6.6La3Zr1.6Tap.4012
10000

98-018-3686; La3 Li6.5 012 Ta0.55 Fr1.45
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Figure 4.13- XRD spectra of LL.Z:Ta-16h after sintering.

The energy dispersive X-Ray analyzes (EDX) was used to identify the elements
composition of 40Ta:LLZ-16h along the grains. Figure 4.14 gives the compositional maps of the
chemical elements; it is observed that zirconium, oxygen and lanthanum are well distributed within
the surface. However, there is a lack of Zr and enrichment of Ta in the grains or boundaries, which

can lead to differences into the properties in the grain and grains boundaries.
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Figure 4.14- Compositional mappings of 40Ta:LLZ-16h for Zr, O, La, Al and Ta.
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Mechanical properties and fracture behavior

Similar to the previous mechanical investigation of 20A1:LLZO, elastic modulus and hardness of
Ta-substituted LLZO were investigated using a Berkovich diamond tip under continuous multi-
cycling (CMC). Figure 4.15 illustrates the individual multi-cycle indentation test results as
function of displacement, corresponding to elastic modulus and hardness. Figure 4.16 gives the

average and standard deviation of the mechanical properties as function of displacement.

Elastic modulus and hardness gradually decrease as the depth increases for all measured
specimens. As the load is gradually increased to 500 mN, the affected elastic and plastic zone
beneath the indenter increase. When load-carrying zone increases, the effect of grain boundaries,
inhomogeneity and flaws on the mechanical properties increases, which appears to decrease the
properties of the material. This means also that as the indentation depth increases, the determined
E and H of the sample get closer to the properties representative of the bulk (see also results for
20Al:LLZ). Therefore, again two different approaches were applied to evaluate the mechanical

properties, which are explained in more detail below.
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Figure 4.15- Elastic modulus and hardness curves of function of penetration depth of a) and b) 40Ta:LLZ-4h;
¢) and d) 40Ta:LLZ-8h; e) and f) 40Ta:LLZ-16h.

Similar to the procedure for 20Al:LLZ, at low penetration depths (300 - 500 nm) the values are
considerate representative of the material; and the bulk properties (effective) of the specimen are
obtained at higher penetration depths and higher load (1900-2200 nm and 500 mN), since the
penetration depth is larger and flaws are included in the tested volume. Figure 4.16 presents the

curves of the averages of elastic modulus and hardness for the three specimens.
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Figure 4.16- Average of elastic modulus and hardness of 15 indentations for LLZ with dwell time 4 h, 8 h and
16 h as a function of the penetration depth.

In addition, Table 4.9 compiles the mechanical properties for the low load range (5-100 mN),
which represent depths of 300 to 500 nm and high load range (500 mN), which represents depths
of ~2000 nm, respectively. Looking at Table 4.9, it appears that for low load ranges the materials
properties are being representative of the intrinsic properties, and are independent of the porosity
as expected. Comparing the values with £, from section 1.1.2, for 40Ta:LLZO (elastic modulus

124 + 3 GPa, hardness 9.8 = 0.4 GPa), the values are in good agreement, considering the
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experimental uncertainty, this is also the case for the effective properties (elastic modulus

10 GPa, hardness 5.2 + 1.0 GPa, porosity 9%).

Table 4.9- Elastic modulus and hardness of LLZ material, extracted from the low load range of CMC.

Elastic modulus (GPa)

Specimen Materials properties Effective
40Ta:LLZO-4h 118.5+9.2 84.4+£4.0
40Ta:LLZO-8h 1169 £6.8 954+9.4

40Ta:LLZO-16h 1179+74 89.7+14.0
Hardness (GPa)

Specimen Materials properties Effective
40Ta:LLZO-4h 92+03 50+£1.0
40Ta:LLZO-8h 10.0£0.9 6.6+1.5

40Ta:LLZO-16h 94+1.6 63+£22
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The effective properties are lower, as expected, due to porosity effect and highly influenced by the
local microstructure. Since the porosity range is limited and due to the high uncertainty, only the
value for the higher porosity is clearly lower. Also the grain size is in the same range for all samples
and an effect of this parameter can therefore be ruled out. In general, the elastic modulus is
correlated to the interatomic distance, which implies that larger separation distance between atoms
results in a lower elastic modulus. However, although the lattice parameter increases from 12.949

A to 12.448 A with increasing the sintering time, the intrinsic elastic modulus remains constant.
Fracture behavior

In order to analyze effects related to microstructural variations, a more detailed study was carried.
The specimen 40Ta:LLZO-16h possesses different grains sizes, varying from ~2 up to ~ 45 um
in diameter, average grain size 12.8 pm, the applied load for this test was 1 N, which results in a
diagonal imprinting of ~ 15 um. Therefore, the indentations are highly affected by local
microstructure, defect, pores and grain boundaries. First, the average of all measurements is
shown, including the values affected by defects, porosity and denser areas. Then an analysis of
indentations made in areas with apparent defects and pores is done, and at last, and analyses of the

mechanical properties obtained for denser areas is presented.

To investigate the influence of porosity at higher load a matrix 5 x 5 indents was imprinted with a
Vickers diamond tip (Fischer) applying a load of 1 N. The test was done in a glove box filled with
nitrogen. Table 4.10 summarizes the results obtained for elastic modulus, hardness and the
corresponding maximum penetration depth, 4m. Figure 4.17 shows the surface with indentation

marks on 40Ta:LLZ-16h, which is discussed in more detail next.
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Figure 4.17- SEM micrographs of indented surface of 40Ta:LLZ-16h after test.

The mechanical properties presented in Table 4.10 are the average from the 25 indentations,
including the ones that were done on defects, pores and denser areas. The obtained values are
highly influenced by the local microstructure; which led to a high uncertainty. That is the reason
why the deviation is rather high, about 10 to 15 % for elastic modulus and 20 to 35 % for hardness,
which in the case of the higher deviation of the hardness values is due to the smaller plastic region

being stronger affected by the undulations.

Table 4.10- Elastic modulus, hardness and penetration depth of 40Ta:LLZ obtained for Vickers indentation at
1N.

Effective Properties at 1 N

E (GPa) H (GPa) hin (N
40Ta:LLZ-4h 67.7+10.9 37+13 3855 + 538
40Ta:LLZ-8h 80.6+7.9 53+12 3281 + 338
40Ta:LLZ-16h 852 9.1 54+14 3125+ 299

Comparing the effective properties shown in Table 4.9 obtained at ~ 2000 nm depths and values
from Table 4.10 obtained at depths from 3120 nm to 3855 nm, the elastic properties seems to be

in good agreement also with the materials properties reported in section 4.1.2, except for
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40Ta:LLZ-4h, which has revealed a reduction of approximately 20% with increasing penetration

depth, confirming the pronounced porosity effect for this sample.

The local microstructure has a strong influence on the mechanical properties obtained from
indentation. As expected, the sample 40Ta:LLZ-4h with 13.8 £ 1.1% of closed porosity showed
the lowest elastic modulus and hardness. Whereas 40Ta:LLZ-16h revealed higher values of the
mechanical properties. Figure 4.18 illustrates the mechanical properties versus porosity for

40Ta:LLZ sintered for different dwell times.
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Figure 4.18-Influence of porosity on mechanical properties of 40Ta:LLZ.

Indentations performed close to pores or affected by them revealed reduced mechanical properties.
Figure 4.19 illustrates as an example Vickers indentations on 40Ta:LLZ-16h that were highly
affected by local defects and pores in the case of denser areas, obviously less affected by defects
and porous. The values obtained for each imprint are given in the images. In the case of the ones
with the highest mechanical properties, the imprints were located in single grains, although the
cracks generate in the corner propagate into other grains. The highest elastic modulus and hardness
for a grain at this load was £ = 99.0 GPa and H = 7.4 GPa (hence still being much lower than the
materials property in Table 4.9 due to the effect of pores still contacting the elastic zone in the

surface and below), whereas for an area affected by porosity it was £ =71.2 GPa and H= 3.4 GPa.
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Figure 4.19- SEM micrographs of indentation marks of 40Ta:LLZ-16h on pores, load of IN: a) b) and c)
indentations highly affected by pores; d) e) and f) indentations marks on denser areas.

As result of the high load applied in these tests, it is possible to observe clearly the four cracks
emanating from the corner of the indentation impression. The cracks can be used also to derive the
fracture toughness of LLZ, however, looking carefully, some cracks appear to be affected by the
local microstructure. Therefore, the cracks length can only be used to have a rough estimative of
the specimens fracture toughness. Although many factors can affect the cracks path, the cracks
that propagate from the corners are mainly straight and they will be carefully discussed in the next

sub-section.

Figure 4.20 shows an investigation of the crack shape beneath the indentation, to identify the
affected area beneath the indentation, analogous to the one performed for 20A1:LLZO. Similarly
to the previous material, this method was unsuitable to determine the specific crack shape due to
the complex microstructural features, and again the analysis was based purely on the criteria 0.25
< lla < 2.5 for Palmqvist crack shape. To determine the indentation fracture toughness the
relationship of Niihara, Eq. 6 in section 2.2.3.1, was used [114]. E and H obtained at 300 nm were

used in the calculation. Table 4.11 summarizes the results.
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Figure 4.20- SEM micrographs of indented cross-section of 40Ta:LLZO-16h.

Table 4.11- Summary of 40Ta:LLZ specimens, average crack length, //a ratio and Kic.

Specimen Average crack length  //a Kic
[ (pm) (MPa-m®?)
40Ta:LLZ-4h 13.9+£5.0 1.6 1.13£0.2
40Ta:LLZ-8h 8.6+0.6 1.1 1.30+£0.05
40Ta:LLZ-16h 10.8+2.4 1.1 1.35+£0.04

Looking in detail at Table 4.11, the crack length measurement for 40Ta:LLZ sintered for 4 h is
highly affected by porosity leading to an uncertainty of ~35%. The ratios of //a ranged from 1.6 to
1.1 and the fracture toughness slightly decreases with increasing porosity. Considering the grain
size, the Kic calculated here can be considered as global properties and therefore strongly affected

by the local microstructure and porosity.
Crack paths

Figure 4.21 illustrates two different crack patterns, the image a) shows a cracks emanating from
the corner and growing trough the grain with different chemical composition in the center,
confirmed by EDX in Figure 4.22. Some grains showed a tantalum concentration in the center.
Such effects were not observed for the Al doped materials variation. Even though the crack
shapes are influenced by the local chemical composition, no systematically influence was
observed for crack length or Kic. Figure 4.21 b) reveals a different crack pattern; crack grows

evenly from the corner trough another grain.
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Figure 4.21- Cracks on 40Ta:LLZ-16h, indentation load of 1 N a) affected by local chemical composition, b)
not affected by chemical composition.
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Figure 4.22- EDX mappings of the previous indentation affected by two indentations presented in previous
figure.
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The cracks path was also studied in more detail near the grain boundaries. Mostly, the cracks
propagate along the grain, but also along the grain boundaries, revealing the presence of both
failure modes, transgranular and intergranular. Overall, transgranular crack mode was
predominant, indicating that the material may be weaker than the grain boundaries. Figure 4.23
shows a crack growing through a grain, very close to a grain boundary. In fact, the propagating
crack also changed direction due grain boundaries, crack deflection, indicating that regarding the
crack path also the angle of the grain boundary with respect to the growing crack plays a role. All
these effects will potentially gain enhanced importance in the case of operated materials, that

should be the aim of forthcoming studies.
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Figure 4.23- Cracks paths after Vickers indentation at 1 N of 40Ta:LLZ-16h.

71



4.1.5. Moisture associated degradation

Understanding the stability of LLZO is crucial for the development of next generation solid-state
batteries, especially the morphology and surface chemistry related changes when exposed to air.
Recent works demonstrate that LLZO certainly reacts with species in ambient air, which can affect
directly the interface resistance [155, 158, 169]. Sharafi et al. investigated theoretical and
experimentally the impact of air exposure on the Li-LLZO interface [155]. First, LLZO reacts with
humidity in the air and via LLZO protonation, LiOH is formed as intermediate compound.
Subsequently, LiOH reacts with CO» in air and converts to Li2CO3. Such compounds can result in
topography changes and non-uniform contamination layer on the surface of LLZO, which depends
on the exposure time [155]. Figure 4.24 and Figure 4.25 are microcopy images of Ta and Al-
substituted LLZO surfaces exposed to air.

Figure 4.24- Microscopy images of 40Ta:LLZO a) and b) optical images of surface before and after testing in
air, respectively; c¢) and d) higher magnification SEM micrographs of Berkovich imprint at 100 mN,
immediately transferred to SEM after mechanical testing.
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To ensure that the surface is free of contamination before mechanical testing, the samples were
polished with water-free polishing suspension and immediately moved to the vacuum chamber for
indentation testing (CSM; Anton Paar with a Berkovich tip). In Figure 4.24 a) and b) it is possible
to note the position of indentations marks on surface before and after testing in air. Due to the
contamination layer and rather porous microstructure, it is challenging to identify and evaluate the
indentations marks after testing. Therefore, the tests were performed in vacuum. However, even
though the tests were performed in vacuum, the transfer from the mechanical device to SEM with
sample being exposed very shortly to air was enough to form a thin layer of probably Li»CO3 on

the surface.

Figure 4.25 presents an image of an indentation mark immediately after test and after 2 weeks
exposure to ambient atmosphere, to exemplify the materials behavior. Figure 4.25 a) shows an
indentation image at 10 N with spallation, where the sample was immediately transferred from the
mechanical testing device to the SEM vacuum chamber. Figure 4.25 b) and c) show indentation
marks at 10 N after 2 weeks exposed in ambient atmosphere. In b) the lower magnification image
shows the sample surface where the indentation marks are highlighted with red circles. Figure 4.25
c) shows an indentation at higher magnification, where the presence of a layer is clearly visible.
According to literature, Li2CO3 on the surface can influence the interfacial impedance, decrease
the ionic conductivity and have important implications for the operation of solid-state batteries

[158].

In order to elucidate the influence of air exposure on the mechanical properties, testing using the
nano-indentation system was carried out on exposed surfaces in this work. In order to address the
layer effect on the mechanical properties, very low loads were applied at very shallow depths (0-
100 nm), however, due to the softness of the layer the first contact of the indenter to surface was
not recognized by the software and no load-displacement curve could be properly achieved. Hence,
overall the results are inconclusive and therefore not discussed here in detail. Therefore, the
specific effect on the mechanical properties remains currently unknown and can be a topic for

future investigations.
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b) c)

Figure 4.25- SEM micrographs of Vickers indentation imprints at 10 N on 20Al:LLZO a) immediately after
testing; b) and c) after 2 weeks exposed in ambient atmosphere, low and high magnification, respectively.
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4.2. Fracture toughness Al-substituted LisLazZr:012 (Al:LLZO) by

utilizing micro-pillar indentation splitting test

In this section, the presented investigations focus particularly on the acquisition of knowledge of
local and global mechanical properties exemplified for the high conductivity Al-substituted LLZO
electrolyte material. A novel method based on micro-pillar indentation splitting is introduced and
applied for the first time on this material to assess the microscopic fracture toughness within
individual Al-doped LLZO grains and compare it with data derived from the conventional VIF
method as measure of the macroscopic fracture toughness. Results on the material investigated in
the present section were already reported in section 4.1 and its properties were generally discussed
and compared in terms of dopant effect. In this section, the properties are discussed in more details

based on the improved approach with main focus on the fracture toughness.

4.2.1. Conductivity, phase composition and microstructure

The composition chosen in this particular substudy was Al-substituted LizLazZr,O12 (Al:LLZO).
It was characterized using the techniques given in the experimental section to assess some
microstructure and conductivity related reference properties to aid concice interpretation of
subsequent mechanical testing results. The respective reference data are summarized in Table
4.12. The composition was characterized using ICP-OES, and the crystalline structure was
obtained from XRD (Figure 4.26). Table 4.12 shows that the Li concentration after the sintering
process is still larger than expected (Li = 6.61), which is probably due to the incomplete removal
of the 15% excess of LIOH-H20O and precipitation of LiOH and Li2COs3 at the grain boundaries as
determined previously in another study [144] The effect of Al doping, where a Li site is occupied
by Al, results in a stabilized cubic structure of LLZO with an increasing degree of vacancy disorder
within the Li sub-lattice [170, 171]. The XRD pattern in Figure 4.26 reveals a mixture of cubic
and tetragonal phases for this AI:LLZO, as was observed from the overlapping peaks concerning
the ICDD standards, and around 50 wt% of tetragonal phase, which was estimated via Rietveld

refinement method.
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Table 4.12- Summary of composition, structure, relative density and conductivity.

Structure Grain Relative Conductivit
Sample Compositions [ratio] [Cubic Size Density [S/cm] y
to tetragonal ratio] [pm] [%]

Li La 7r Al
AlLLLZO ~1:1 ~100 93 2.08 x 10
691 3.00 1.98 0.13

Because of the close similarity of the structures and atomic densities of each element, the phase
ratio is only provided as an indication to illustrate that the cubic stabilization is warranted by
adding Al. Associated with this, the reported conductivity of 2.08 x 10-3 S/cm is in between the
experimental results of conductivity of tetragonal LLZO (~ 1 x 10 S/cm [84, 171-173]) and those
of cubic LLZO (~10* to 10 S/cm) [144, 168, 170, 171, 174], which can be attributed to the
existence of the cubic LLZO structure. The microstructure obtained via SEM is illustrated in
Figure 4.27 (a) and (b), which shows a typical micro-pillar before testing. The average grain size
was approximately 100 um, and the relative density of 93% permitted by careful choice of testing
position, mechanical tests to be performed for apparently dense areas, permitting hence a basis for

comparison of obtained results.
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Figure 4.26- XRD pattern of specimen Al:LLZO. The cubic and tetragonal LLZO structures were identified
with respect to the ICDD JCPDS card number 99-000-0032 and 99-000-0020, respectively.
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Figure 4.27 - SEM topographies: (a) specimen surface and the selected areas for micro-pillar testing, and (b)
micro-pillar.

4.2.2. Mechanical testing results

Table 4.13 and Figure 4.28 present Young’s modulus (£) and hardness (H) obtained from the depth-
sensitive indentation on the polished cross-section. The elastic modulus is rather constant, whereas
the hardness reveals a reproducible decrease with increasing load. The scatter in the individual
depth-resolved profiles indicates that via the selection of an appropriate position, the potential
influence of grain boundaries, structural defect and inhomogeneity or indentation size effects can
be avoided or included, similar as discussed above. The individual continuous multi-cycle
indentation tests are illustrated in Figure 4.28 (a) and (b), corresponding to Young’s modulus and
hardness as a function of the indentation depth, from which the average values were calculated

and plotted in Figure 4.28 (¢).

As mentioned, the Young’s modulus is rather stable, whereas the hardness decreases already above
0.8 pm probably associated porosity or even with an indentation size effect. Although an extent of
an indentation size effect to a depth of more than 2 um appears to be unusually, the rather large
grain size has to be considered, i.e. grain size effects onto the extend of the indentation size effect
have also been reported in literature [108, 175, 176]. The data were verified by single load-unload
cycle indentations at depths of ~ 1900 nm yielded an elastic modulus of 140 = 9 GPa and hardness
of 7.6 £ 0.8 GPa, hence, agreeing with the CMC values within the limits of experimental

uncertainty.
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Table 4.13- Comparison of mechanical properties, hardness, Young’s modulus and fracture toughness.

Fracture toughness [MPa-m"5)

Young’s Hardness Micro-pillar
Sample modulus[GPa] [GPa] IN AN 5N Heropt
Splitting
ALLLLZO 1456 +7.3 8.5+04 1.19+0.13 1.19+0.22 N.A. 0.99 £0.05
180 12
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Figure 4.28- (a) Young’s modulus (E) and (b) hardness (H) obtained from 9 individual CMC tests, and (c) the
average E and H values as a function of the indentation depth.

Note that, due to the rather large grain size compared to the elastic zone and especially also plastic
zone, Young’s modulus and hardness should not be affected by changes in properties that might be
associated with different properties of grain boundaries. Taken from a stable region of the average
elastic properties vs. depth plots (Figure 4.28 (¢)), the material properties were determined, which
is a similar procedure as has been used to analyze properties of for example thermal barrier

coatings [177]. As materials properties, the average Young’s modulus and hardness up to 0.8 um
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were considered and values of 146 + 7 GPa and 8.5 + 0.4 GPa were obtained, respectively. Both
values agree with the experimental and ab-initio calculation results from literature and with the
results given above in the section 4.1.2 where the effect of the sintering time and hence porosity

was addressed.

Typical Vickers indentation imprints in the Al:LLZO specimen are shown Figure 4.29; loads of 1,
3 and 5 N were applied to generate radial crack pattern for Kic determination, the corresponding
Kic results are presented in Table 4.13. In this case, in order to work with only one parameter
variation at the time and having a single composition under investigation, the load was varied to

investigate an apparent fracture toughness load dependency

Figure 4.29- SEM micrographs after indentation imprints after applying loads of (a) 1 N, (b) 3 N and (c) 5 N,
respectively.
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l/a ratios of approximately 1.2 and 1.4 were obtained for the considered loads and complimentary
FIB analyses endorsed the criteria of fracture toughness evaluation using Palmqvist crack model

[114], similarly as in section 4.1.4.

Despite of selecting visibly pore-free regions, the resultant radial cracks exhibited asymmetrical
lengths and spallation between some cracks for all three different loads. Especially at 5 N materials
chipped off from the side of the impression. Hence, for this load it was not possible to evaluate the
fracture toughness. Even for the lower loads (1 N and 3 N), the determination of crack lengths was
difficult due to the chipping effects that appeared at least for one of the cracks and, even though
the chipping probably only occurred on unloading, the toughness results can only be considered
as estimate of the materials behaviour, that needed confirmation by an additional testing method.
However, overall the calculated fracture toughness results revealed no significant dependence on

the applied load, hence, indicating that the used relationship is appropriate for the considered crack

type.

A clearer SEM image of the crack morphology after applying a load of 1 N is shown in Figure
4.30 (a), in order to investigate the effect of potential structural defects that might exist underneath
the indentation imprint and verify the Palmqvist crack type for Kic analysis. In this case FIB cuts
were carried out for the longest radial crack observed for a particular indent along the positions
where the crack began (P1) and ended (P») as depicted in Figure 4.30 (a). The crack depth was
measured and plotted vs. the distance from (P2) to obtain the subsurface crack trajectory, from
which the type of crack and the influence of pre-existing structural defects was envisaged to be

assessed.

From location P1 to 1 um before location P2, two different types of cracks, containing one main
Palmqvist crack parallel to the sample surface and another spallation crack perpendicular to the
surface (Figure 4.30 (b)), were found. A large closed pore of ~2 um in radius appealed as the FIB
cut reach 1 um before location P; (Figure 4.30 (c)), where two additional spallation cracks were
revealed, which are typical for crack types that are formed during unloading. However, it might
also be concluded that the main apparent Palmqvist crack arrested locally by the pore in the vertical

direction.

At higher loads, the influence of porosity and structural inhomogeneity could lead to more structual
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damage that could affect the formation of radial cracks. Even though verified only for one example
crack, the investigation shows that the pore might strongly affect the crack depth. Looking at
Figure 4.30 (d), the pore location is highlighted by dash circles; apparently the crack continued

below the pore just with a change of direction, i.e. the pore caused no crack deflection.
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Figure 4.30- SEM micrographs of sample morphology after applying VIF test (a) selected crack for
investigation: P is the end of the imprinted, P, indicates 0 pm from the imprinted tip and red arrow indicate
the direction of the FIB cutting (b-c) the extended cracks obtained from several SEM-FIB cross sectional, where
the position P1 and P2 were located at the beginning and the end of the extended cracks. The crack depth vs.
distance from the FIB cuts are plotted in (d), and the dash circle indicates the location of one large pore (radius
~2 pm).
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As the load was increased from 1 to 3 N, the fracture toughness remained 1.19 MPa-m®; while
the standard deviation increased from 0.13 to 0.22 MPa-m°>, which could be a result of crack
length measurement uncertainties. The relationship for median-radial crack system appears not to
be appropriate, based on the crack length to imprint ratio of 1.2 and 1.4 for 1 and 3 N, respectively,
and the complimentary FIB analyses that was discussed above. However, even though not being
appropriate on the basis of the crack shape, using for example the relationship derived for the
median-radial crack shape [115] results in values of 1.01 and 1.02 MPa-m°” for the current material
for the loads mentioned above, hence still being in rather good agreement with the data derived
above and verifying that the derivation of values for the currently tested material is not very

sensitive with respect to the indentation crack analysis procedure.

Comparing the VIF results at 1 N obtained here with VIF results in the previous section, where the
porosity was the main aspect, the fracture toughness values for samples with similar densities and
grain sizes are in general agreement, i.e. here 1.19 = 0.13 MPa-m®> and 1.40 + 0.10 MPa-m®> in

the previous section.

Aiming at verification and advancement of fracture toughness testing procedures with particular
emphasis on local testing of grain and optionally grain boundary, the micro-pillar test was
implemented for the current material. Figure 4.31 (a) shows the load-displacement curve of five
micro-pillar indentation splitting tests and Figure 4.31 (b, c, d, e) present as a representative

selection the corresponding SEM-FIB images of pillars A and B after testing.

A clear pop-in effect due to cracks formation that led to sudden displacement jumps in the force-
displacement curve is visible at the individual critical loads (P¢), in the range of 34 to 39 mN.
Looking at two pillars in more detail, for pillar A only one pop-in associated kink was found,
whereas several additional kinks were found for pillar B after the critical load was exceeded,
indicating additional secondary crack formation as the load increased, as also verified in Figure

4.31 (c)and (e).

Since the pillar splitting method only considers the necessary energy and load to initiate / propagate
cracking, additional secondary cracks forming as the critical load is exceeded will not influence
the derived fracture toughness. Also, the trajectory of the crack did not encounter with any

structural defects, such as grain boundaries or pores which might affect the results in terms of
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already reducing the load to initiate the fracture, and hence the resultant toughness can be
considered as the intrinsic materials value of single crystalline Al:LLZO.

It is also important to mention that the cracks don’t always initiate from the edge of the residual
imprint, as can be observed in Figure 4.31 (b, d). This might be result of a possible anisotropy in
the mechanical properties or surface effects, which, although not being possible to investigate
within the framework of the current work, is the focus of a complementary study that is currently

ongoing in the section.

Another relevant issue is that, different from other in-situ experiment set-ups [133], the precise
position of the indenter at the centre of the pillar was manually corrected, which might lead to an
indentation slightly off-centre, as observed in Figure 4.32 pillar C. Despite this fact, no significant
influence on the critical load was observed considering that the indenter’s positioning accuracy
was within the limit of be approximately 20% of the target pillar's diameter, which agrees with

results presented in a recent literature study [132].

From all tests, see Table 4.14, fracture toughness values ranged from 0.94 to 1.07 MPa-m®3, with
an average of 0.99 £ 0.05 MPa-m®>, that can considered to be representative for the single grain
property. The single grain toughness is in good agreement with global toughness obtained via VIF

method (~1.19 MPa-m®?), even though they are based on effects at different scales.
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Figure 4.31- (a) Load-displacement curves of micro-pillar indentation splitting tests and some corresponding
SEM-FIB images for (b), (c) front and side view of pillar A and (d), (e) front and side view of pillar B. It is
worth notice that a blister-like surface morphology was only observed after further FIB milling for topological
observation in (c, €). A featureless surface morphology was observed in (b, d) during and immediately after

indentation.

In literature, large differences in derived fracture toughness values have been reported for the
considered material (see Table 2.3), being in the range from 0.86 to 2.37 MPa-m?>. Although a
dependency on the chosen relationships cannot be ruled out, microstructural features in particular
changes in fracture mode appear to be the main reason for this large data range. Considering only

transgranular fracture, similar as in the current study, the range reduces to 0.86 to 1.63 MPa-m°3.
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In addition, although transgranular fracture was reported, the very large difference in grain size
compared to our study, associated with different sintering conditions, does not permit a direct

comparison with these literature data.

Table 4.14 - Summary of micro-pillar indentation splitting test results.

Pillar No. Radius Critical load Fracture t01:]g5hness Frac tl::ee::l%;hness
[um] [mN] [MPa-m"s | [MPa-m®3]
A 5.3 39.2 1.00
B 5.0 38.6 1.07
C 5.1 36.9 1.00 0.99 £0.05
D 5.2 35.5 0.94
E 5.0 344 0.95

To investigate any effects related to a potential influence of Ga-ion damage on the pillar splitting
testing result, a qualitative compositional study was performed via EDX on one of the tested
pillars, i.e. C in Figure 4.32. The resulting Ga concentration was less significant in the centre of
the pillar compared to the boundaries as derived from the relative peak intensities of Ga La 2 peak
and mostly localized at the FIB milled surfaces far away from the crack initiation / propagation
region. Therefore, the Ga-ion damage is expected to be less significant than in the case of other
micro-mechanical tests, in particular the micro-cantilever method, as also illustrated in [133, 179-
181]. It is worth mentioning that the severe surface contamination was only observed after FIB
milling for topological observation as shown in the Figure 4.32 (d, e). The blister-like surface
morphology could be a result of extensive reaction between the Ga-ion leading possibly to
formation of Lis432)Gaos23)Lazer4)Zr2012 via Ga substitution [182], and a local volume /

crystalline symmetry alteration could then be responsible for this surface damage.
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Figure 4.32- (a) SEM micrograph and EDX composition analyses at different location around pillar C, (b)
location 1, (c) location 2, (d) location 3 and (e) location 4.

4.2.3. Conclusions and outlook

The last section presented, aiming towards an advancement of the fracture toughness derivation
methodology, a mechanical property assessment of an Al doped LLZO garnet structured material
by using indentation micro-pillar splitting tests with a comparison to conventional indentation
testing results. In addition, elastic modulus and hardness were accessed as functions of penetration
depth using indentation. Mechanical properties were evaluated at 800 nm depth, elastic modulus
and hardness are 145 + 7 GPa and 8.5 + 0.4 GPa, decreasing at higher indentation loads to values
that represent global properties. The single crystal representative fracture toughness value obtained
via micro-pillar splitting tests is 0.99 + 0.05 MPa-m°>, which is in good agreement with global

VIF fracture toughness 1.19 MPa-m®3 obtained in the current section, a direct comparison with
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literature results is not possible due to large grain size differences possibly associated with
different sintering conditions. Compared with the fracture toughness with Al-doped LLZO sintered
for 40 h with similar posority from the previous section, the VIF was 1.40 + 0.10 MPa-m®3, the

values agree in within the limits of uncertainty.

Although a slight bias at low loads cannot abolutely be ruled out, the results indicate that mainly
at loads exceeding 3 N, a fracture toughness determination is not possible anymore for the current
materials due to the excessive chipping. Furthermore, it reveals potential sensitivity of the VIF
testing method to local effect such as pores and, hence, emphasizes the advantages of the pillar

testing method.

Overall, the results indicate that the micro-pillar splitting method can be used to acquire the
fracture toughness representing a basically pore-free material even on the basis of testing a slightly
porous materials’ variation (7% porosity in this study). Even though the envisaged fully dense
form cannot be reached in an experimental preparation procedure, the micro-pillar splitting method
permits locally resolved materials property analysis (see Figure 4.27) and shows significant
benefits with respect to the accessibility on battery materials. The establishment of the AI:LLZO
single crystalline fracture toughness can also be a basis for future development based on assessed
local fracture toughness values for samples with compositonal variations, smaller grain size and

samples after long-term operation, which are envisaged to be the focus of forthcoming studies.
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4.3. Hotpressed LLZO

This section of the thesis is a contribution to an ongoing study performed in collaboration with
Ms. Yulia Arinicheva at IEK-1. The contribution regarding the thesis work are an assessment of
potential grain size dependencies of mechanical properties, in addition it concentrates on the
complementary aspect of grain size dependencies of ionic conductivity. Hence, the current section
focuses on the microstructural investigation and mechanical properties part of this joined study,
where the main aim of this investigation is to elucidate the effect of Al doping and microstructural
features of the LissLasZri6Tao4O12 solid state electrolyte, aiming towards understanding and
improvement its resistance to dendrite penetration. Al-doped and Al-free LLZO precursor powders
with larger ~5 um and nano-sized particles (larger grain size-LG and small grain size-SG) were
synthesized via solid-state synthesis (SS) and solution-assisted solid-state synthesis (SASSR),
respectively. An intrinsic improvement of LLZO solid-state electrolyte and lower interfacial
resistance is expected for the specimens with smaller grains. SEM images in section 4.3.1 are given
on the basis of the courtesy of partners in IEK-1. The outcome of this section permits, via
consideration of the results presented in the previous sections, to gain also insight into effects

related to the production process and dense materials sintered from hot pressed powders.

4.3.1. Conductivity, phase composition and microstructure

Figure 4.33 shows the SEM images of precursors powders obtained via conventional solid-state
synthesis and solution-assisted solid-state synthesis, respectively. SS powder has particles size
around 5 pm and SASSR powder possessed nano-particles size. Table 4.15 summarizes the

microstructure information such as density, grain size and conductivity.

Figure 4.34 shows the microstructure of Al-doped LLZO synthetized via conventional solid-state
synthesis (HP-AL:LLZO-LG) and solution-assisted solid-state synthesis (HP-AL:LLZO-SG).
Figure 4.34 a) presents a microstructure with larger grains size in comparison to b), which shows

rather smaller grain size and residual porosity.
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Table 4.15 — Summary of specimen, density, grain size and conductivity.

Specimen Density (%)  Grainsize  Conductivity 62s°c
(m) (S-em™)
HP-AL:LLLZO-LG 99.9 ~5 8.4-10*
HP-AL:LLZO-SG 99.1 ~2 7.8-10*
HP-Al free:LLZO-LG 99.8 ~5 7.8-10*
HP-Al free:LLZO-SG 99.5 ~2 7.0-10*

SASSR7001h0002 D35 x800 100um  SASSR7001h0003 D35 x2.5k  30um
316L1100quantify 316L1100quantify

0) d)

Figure 4.33- SEM micrographs of precursor powders a) and b) conventional solid-state synthesis (SS) and b)
solution-assisted solid-state synthesis (SASSR).
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Figure 4.34 — SEM micrographs of hot-pressed Al-doped LLZO pellets a) Conventional solid-state synthesis
HP-AL:LLZO-LG and b) Solution-assisted solid-state synthesis HP-Al: LLZO-SG.

Looking at the microstructure of HP-Al:LLZO-LG, it is possible to observe a range of grains sizes,
varying from 2 to 25 pm with an average of ~ 5 um, being a result of the powder production
method. For HP-AL:LLZO-SG the grain sizes are rather homogeneous and range from 1 to 5 pm,
with an average of 2 um. Similar results are observed for Al-free samples processed via the same

methods, hence, images are not given.

The XRD analysis of the sintered pellets revealed the formation of a pure cubic phase of the garnet
type (space group Ia3d (230)), see Figure 4.35 a). The density of the sintered pellets is above 99%
and the total conductivity of the sintered pellets, determined by means of electrochemical
impedance spectroscopy (see Figure 4.35 b)), are in good agreement with literature values [143].

Conductivity values are summarized above in Table 4.15.
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Figure 4.35 — a) XRD patterns of HP:LL.ZO; b) Nyquist plot at 25 °C for HP-AL:LLZO-LG and HP-Al:LLZO-

SG

4.3.2. Mechanical testing results

Figure 4.36 presents, as the average results of 25 indentations, the elastic modulus and hardness

as a function of depth obtained from indentation testing for the different LLZO variations. Overall,

the elastic modulus and hardness values are constant in the evaluated displacement range (0 to ~

650 nm). It is assumed that a stable region of the average properties is around 500 nm, therefore

the Table 4.16 summarizes the values at this penetration depth, which corresponds to the materials

properties. No indentation size effect seems noticeable, since hardness values are constant for all

samples. In some cases is noticed that hardness at shallow penetrations depths (0-200 nm) is

slightly smaller than in other regions, this effect can be attributed to tip bluntness.
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Figure 4.36 -Hardness and elastic modulus as function of penetration depth for a) HP-Al:LLZO-LG b) HP-
AL:LLZO-SG c) HP-Al free:LLZO-LG d) HP-Al free:LLZO-SG.

Table 4.16 - Mechanical properties of HP-AL:LLZO at 500 nm depth.
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Grains Specimen Elastic Modulus Hardness
(GPa) (GPa)
L . HP-AL:LLZO-LG 119+£5 8.2+0.7
arger grain
ger grains HP-AI free: LLZO-LG 118 = 4 84+07
. HP-AL:LLZO-SG 108 +4 7.4 +£0.6
Small grains
HP-Al free:LLZO-SG 106 +4 6.8+0.7




Comparing the results for LLZO, larger grain sizes yield in both cases slightly higher values, for
elastic modulus around ~20% and for hardness in both cases ~10 % and. Focusing on the aluminum
doping, the results agree within the range of experimental uncertainty. Comparing the elastic
properties with the ones from cold-uniaxial pressed material in the dopant effect section (section
4.1), similar composition 40Ta:LLZO with 9% porosity resulted in an elastic modulus of 124 + 3
GPa, which is in good agreement with the results for the samples produced via hot-pressing.
Hardness obtained previously is 9.8 + 0.4 GPa, whereas hardness for specimens produced via hot-

pressing is slightly lower.

Thus, the Al doping does not appear to have a pronounced effect on the mechanical properties.
Comparing the elastic modulus obtained in this section with DFT (298 K) values from Table 2.3
in section 2.2.4.2 with similar composition LissLasZri 5TaosO12 ~147 GPa, the values are ~ 20%
smaller. Since the materials can be considered dense, such difference is unclear and it can be
attributed to the processing method and intrinsic improvement of the material by the project

partner.

4.3.2.1. Vickers indentation toughness

The fracture toughness was measured for all specimens using Vickers indentation applying loads
of 0.5 N, 1 N and 3 N. Figure 4.37 shows SEM images of typical Vickers indentation imprints in
the hot pressed LLZO after applying different loads.

For sample HP-AI:LLZO-LG the crack shape is straight, see Figure 4.37 a), and the fracture
toughness is rather independent of the load in the range 0.5 to 1 N, within the limits of uncertainty.
Similar behavior is observed for HP-Al free:LLZO-LG, Figure 4.37 c). At 3 N there are formations
of various secondary micro-cracks, such an effect might be related to the high local stress field at
3 N, which led to formation of secondary cracks, is observed for all four specimens and does not
permit accurate fracture toughness calculation at this load, since elastic energy is dissipated in the
formation of secondary cracks. For HP-Al:LLZO-SG, the cracks are deflected along grain
boundaries and stop at residual pores, see Figure 4.37 b) and Figure 4.38. HP-Al free:LLZO-SG,
the cracks are more affected by residual porosity, especially at low loads, as can be been in Figure

437 d).
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Figure 4.37- SEM micrographs of Vickers indentation imprints after loading to 0.5 N, 1 N and 3 N a) HP-
AL:LLZO-LG b) HP-AL:LLZO-SG c) HP-Al free: LLZO-LG d) HP-Al free:LLZO-SG.

The average crack lengths (/), the ratio //a from the SEM images and calculated Kic are compiled
in Table 4.17. Based on the crack length (/) and half diagonal (@) ratio, the Palmqvist crack system
was selected for calculation (criterion 0.25 < //a < 2.5), similar as for the materials produced via

cold pressed in the previous chapters.
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Table 4.17- Vickers indentation toughness results for HP-Al:LLZO specimens.

Specimen Load Average crack l/a Kic

N) length / (um) (MPa-m®?)

0.5 6.4+0.5 1.2 0.93+0.05

HP-ALLLLZO-LG 1 10.0 0.7 1.3 1.07£0.05
20.0+1.5 1.5 -

0.5 50=£0.5 0.9 0.95+0.05

HP-ALLLZO-SG 1 7.4+0.5 0.1 1.10+0.05
14.5+0.5 1.3 -

0.5 7.3+0.9 1.3 0.86+0.05

HP-Al free:LLZO-LG 1 102+1.0 1.3 1.04£0.08
21.6+1.7 1.5 -

0.5 57+£0.6 1.1 0.83£0.05

HP-Al free:LLZO-SG 1 124+23 1.6 0.83+0.10

22425 1.5 - |

2pm

FZJIEK-2 /2018 EHT =10.00 kV Signal A = SE2 WD = 7.0 mm

FZJIEK-2 /2018 EHT =10.00 kV Signal A = SE2 WD = 7.0 mm

Figure 4.38- Crack deflection along the grain boundary sample HP-Al:LLZO-SG indentation load 1 N.

For sample HP-Al free:LLZO-LG, the crack is rather even when propagates through the grains,
but at some point the propagating crack changed direction when encounter a grain boundary or is
stopped and a new crack is generated, crack bridging, which leads to an increasing fracture

toughness with load (an apparent R-curve behavior).
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Figure 4.39- SEM micrographs of 1 N indentation highlighting crack deflection and crack bridging mechanisms
in sample HP-Al free:LLZO-LG.

4.3.2.2. Micro-pillar splitting test

For the dense material micro-pillar testing was carried out as complementary technique,
concentrating on one particular material for the small and large grain size variant. Figure 4.40
presents the load-displacement curve of five micro-pillars and respective SEM images of pillars
with ~5 pm and ~10 pm diameter after indentation splitting test for sample HP-Al:LLZO-LG. The
pillar diameter was varied in this advancement of the pillar testing methodology since a recent
work investigated pillars size effects and their results indicated that a significant increase can occur
in the apparent toughness at smaller pillars sizes due to influence of FIB damage and that the

influence diminishes for pillar diameters > 10 um [132].

For the current experiments, the pop-in effect related to crack formation can be clearly observed
in the load-displacement curve in Figure 4.40 a) and c) at critical loads ranging from 30.1 to 36.4
mN for pillar with ~ 10 um diameters and 10.8 to 14.5 mN for pillar with ~ 5 um diameters. Figure
4.40 b) and d) show the top view of micro-pillars after testing. The Young’s modulus and hardness
reported in Table 4.16 (ratio E/H ~ 14.5) were used to derive the dimensionless coefficient /3
(~0.27) for micro-pillar splitting fracture toughness calculations. The micro-pillar splitting test

results of sample HP-AI:LLZO-LG are compiled in Table 4.18 and discussed below.

102



60

50

40

30

Load (mN)

— Pillar A
20 —— Pillar B
—— PillarC
104 — PillarD
— Pillar E
0 T T 1 T T
0 200 400 600 800 1000

Displacement (nm)

a)

304
25+

20+

Load (mN)

— Pillar F
—— Pillar G
104 —— Pillar H
— Pillar |

5 — Pillar J

T T T T
0 200 400 600 800
Displacement (nm)

¢)

d)

Figure 4.40- Load-displacement curves of micro-pillar indentation splitting tests and SEM front view of pillars
after testing in sample HP-Al: LLZO-LG, a) load-displacement curves of pillar with ~10 pm diameter; b) SEM
micrographs of pillars A to I after testing; c) load-displacement curves of pillar with ~5 pm diameter; d ) SEM
micrographs of pillars F to J after testing.
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Table 4.18- Summary of micro-pillar indentation splitting test results for sample HP-AL:LLZO-LG, = 0.27.

Pillar Diameter (um) Radius Critical load Kic Average Kic
(um) (mN) (MPa-m®?) (MPa-m®?)
A 9.85 4.93 30.1 0.74
B 10.20 5.10 30.8 0.72
C 10.10 5.05 34.5 0.82 0.80 £ 0.05
D 10.02 5.01 36.4 0.88
E 10.15 5.08 353 0.83
F 4.93 2.47 13.5 0.94
G 4.81 2.41 12.7 0.92
H 5.02 2.51 10.8 0.73 0.91 +0.09
I 4.90 245 13.0 0.92
J 4.85 2.43 14.5 1.04

The fracture toughness for pillars ~10 pm diameter ranged from 0.72 to 0.88 MPa-m°> and for
pillar with ~5 pm diameter it appeared to be higher ranging from 0.73 to 1.04 MPa-m®°. Looking
at the final average, the fracture toughness of larger pillars is 0.80 = 0.05 MPa-m®> and for smaller
pillars it is 0.91 + 0.09 MPa-m®. Even though the results agree within the limits of uncertainty,
pillars with smaller size show a tendency towards higher fracture toughness values when compared
to pillars with larger diameter, which is a similar effect as reported in literature for silicon [132].
This can be a result of gallium ion damage from FIB milling, which has been investigated via EDX
for Al:LLZO-SG. As mentioned above, it was very recently reported that Kic significant increased
with decreasing diameter due to FIB damage on Si pillars, even though it has been suggested that
this geometry is insensitive to FIB damage since the crack nucleates inside the pillar, far from the

damaged free surface [132].

Since the grain size is the ranged 2 to 25 pum, pillars with 5 and 10 pm diameters were fabricated
preferentially within single grains; therefore the obtained values can be associated with the
intrinsic fracture toughness of Al- and Ta- doped LLZO single crystal. Comparing the with single
crystal fracture toughness obtained at the previous section, where the VIF of 20A1:LLZO was 1.19
MPa-m®° and from micro-pillar tests 0.99 + 0.05 MPa-m’?, the calculated fracture toughness

values for the current sample are in the same range.

In order to investigate the pillars after testing in more details, the pillar H (~5 pm diameter) was
submitted to a cross-section FIB cut, see Figure 4.41, although the micro-pillar splitting test
evaluation does not require any crack measurement. Looking at Figure 4.41, the crack trajectory

was rather even and did not encounter any structural defects.
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Figure 4.41- SEM micrographs of cross-sectional FIB cut of pillar H (~ 5 pm diameter) after indentation
splitting.

The results for the second selected sample for micro-pillar testing concentrated on sample HP-
Al:LLZO-SG with average grains size of 2-3 um, which was used to fabricated pillar with 5 and
10 pm diameter, therefore the fracture toughness results are considered to be representative for
polycrystalline material. Figure 4.42 a) and c¢) show the load-displacement curves for pillar with 5
and 10 pm and Figure 4.42 b) and d) SEM images of pillar after testing, in addition, Table 4.19

compiles the obtained results.
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Figure 4.42- Load-displacement curves of micro-pillar indentation splitting tests and SEM front view of pillars
after testing in sample HP-AL:LLZO-SG a) load-displacement curves of pillar with ~10 pm diameter; b) SEM
micrographs of pillars 1 to 5 after testing; c¢) load-displacement curves of pillar with ~5 pm diameter; d ) SEM
micrographs of pillars 6 to 10 after testing.
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Table 4.19- Summary of micro-pillar indentation splitting test results for sample HP-Al:LLZO-SG, f = 0.27.

Pillar Diameter Radius Critical load Kic Average Kic
(nm) (nm) (mN) (MPa-m"?) (MPa-m"?)
1 9.25 4.63 323 0.88
2 9.50 4.75 40.8 1.06
3 9.80 4.90 32.2 0.80 0.96 +£0.12
4 9.52 4.76 43.5 1.13
5 9.71 4.86 36.2 0.91
6 4.72 2.36 15.1 1.12
7 4.50 2.25 15.4 1.23
8 4.65 2.33 13.8 1.05 1.06 £0.15
9 4.70 2.35 10.6 0.79
10 4.50 2.25 13.9 1.11

In the same way as in the case of HP-Al:LLZO-LG, the samples with smaller grain size HP-
AL:LLZO-SG showed an tendency of Kic decrease with increasing pillar diameter, for the 10 and
5 um pillars 1.06 +0.15 MPa-m®3 and 0.96 & 0.12 MPa-m°? respectively, were obtained, however,
again the values differ only within the limits of uncertainty. Nevertheless the decrease might
indicate that the gallium damage can influence the fracture toughness, particularly for pillars with
smaller diameters. In order to investigate the influence of Ga-ion damage on the pillar, an EDX
was performed on one of the pillars with 5 pm diameter; the results are shown in Figure 4.43 and

discussed next.
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Ta M series
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T RIS | o a— ]
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— 1o0um !
10pm 10um 10pm

Figure 4.43- EDX of pillar 9 ( 5 pm diameter) after testing sample HP-Al: LLZO-SG.
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It is possible to see that, similar as in the pillar analysis in section 4.2.2, the Ga is concentrated on
the edges of the pillar (brighter area), which might influence pillars with smaller diameter to some
extent, since the distance between the center, where the indentation is imprinted, and the edges are
shorter. According to Lauener et al., the influence of FIB damage diminishes to negligibility for
pillar diameters of around 10 um and larger [132], where the small difference obtained for the
results of the 5 and 10 pm pillars indicates that the values obtained for the 10 um pillars are already
representative for the materials property. Nevertheless, to verify this fact more studies in
forthcoming works with different pillar diameters would be an asset.

Furthermore, it is important to mention that due to the transfer of the sample in ambient atmosphere
from the nano-indenter device to SEM, the materials reacts with air/moisture and a degradation
layer is formed at the surface, as possible to see in the carbon detection in Figure 4.43, which

however, did not affect the pillar testing.

Comparing the fracture toughness of single crystal and polycrystalline material, the values are in
the same range; however, for the polycrystalline case the scatter in the critical loads is larger. For
pillars of 10 pm diameter the critical load ranges from 32.2 to 43.5 mN and for 5 um diameter it
varies from 10.6 to 15.4 mN. These variations affect directly the Kic final average, leading to a
scatter of more than 10%. In this respect, it appears that the micro-pillar test can be highly affected
by the local microstructure. The local area where the tip has the first contact to surface might be
affected by local inhomogeneities or flaws, i.e. grain boundary (considering grain size of ~2 um)
can influence directly the critical failure load. Such an effect can be illustrated in Figure 4.42 b)
and d), where in the pillar top view crack propagation and in some cases destruction of the pillar
(i.e. pillar 5 to 10) can be observed and confirmed by Figure 4.44, which shows the typical crack
trajectories on HP-Al:LLZO-SG after testing for pillars with approximately 10 and 5 pm diameter,
respectively. It is possible to see that the cracks have a tortuous path and grow mostly along grain

boundaries.

Overall, the fracture toughness values obtained via micro-pillar testing for larger pillars are
slightly lower when compared to that of smaller pillars, however due to the range of uncertainties
no final conclusion can be derived. In the same way, comparing the average of VIF values to micro-

pillar splitting of large grains sample, are in agreement.
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a) b)

Figure 4.44 —-SEM micrographs of cross-sectional FIB cut on HP-Al: LLZO-SG of a) pillar 5 (~10 pm diameter)
b) pillar 9 (~5 pm diameter).

Focusing on small grains size sample, the average fracture toughness of polycrystalline LLZO
obtained via the micro-pillar is ~1.02 MPa-m’° and VIF average is 0.98 MPa-m®>, which are in
very good agreement. Besides, fracture toughness values obtained at this work are in the same
range as those in literature, which reports values of 0.86-1.63 MPa-m°> for cubic dense LLZO
with mean grain size of ~ 5 um [14]. For similar material, Al-substituted cubic garnet
Lis.19Alo27La3Zr2012 (LLZO) produced by cold pressing with 98% density and grain size of ~3 um
the fracture toughness reported in the previous section by indentation is 0.97 + 0.1 MPa-m®>, which

is also in good agreement with values reported here.

Furthermore, the value is also in agreement with the single crystal representative fracture
toughness of Al-doped LLZO obtained in the section 4.2 via micro-pillar splitting test, 0.99 + 0.05
MPa-m®>, with grain size of 100 pm. In addition, it has been reported that the Kic is independent
of grain size for cubic oxides at room temperature over the grain size range from 10 to 150 um
[183, 184]. Considering the fracture toughness values obtained in the previous section for the
similar material (see section 4.1.4) produced via cold-pressing, with grain size ~10 um and
porosities from 8.7 to 13.8%, the VIF toughness ranged from 1.35 to 1.13 MPa-m°>, which is also
in good agreement with micro-pillar values in this work. Therefore, within the grain size range
investigated in the present work, the fracture toughness obtained via micro-pillar splitting test is

constant.
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5. Conclusions and Outlook

In order to supply the increasing demand of energy in stationary and especially also mobile
applications and satisfy requirements related to the stabilization of national and global energy
networks largely based on renewable resources, it is necessary to develop batteries with higher
capacities that have to be mechanically reliable. The importance of the mechanical properties has
received increasing interest and led to discussion on the fast intercalation of ions into the electrodes
creating internal stresses, which can eventually lead to formation of micro-cracks and fracture, Li-
dendrites and disintegration that reduces the cycle life of the battery. Toward this goal, the present
study has investigated the important mechanical parameters elastic modulus, hardness and fracture
toughness along with an in-depth study of microstructural features related to these mechanical

aspects.

Hence, in the present work, depth-sensitive indentation has been extensively used to characterize
garnet LizLa3Zr0O12 solid electrolyte. Elastic modulus and hardness were obtained for non-, Al-
and Ta- substituted LLZO and the fracture toughness was estimated from the size of cracks induced
by indentation test and correlated with microstructure features. In addition, the novel micro-pillar
splitting test was employed to determine the fracture toughness and compared to conventional

indentation testing results.

In the first part of the current work, preparation conditions were correlated to microstructure,
electrochemical and mechanical properties. Intrinsic material properties were determined at
shallow depths and effective properties related more to macroscopic scales at higher depths.
Microstructural features such as porosity, dopant amount and phase ratio (tetragonal/cubic)
influence the experimental modulus. With respect to the mechanical properties, the elastic modulus
of Al-doped materials increased at low dopant levels and decreased at higher substitutional levels,
ranging from 163 +4 GPato 142 + 1 GPa, compared to the un-substituted LLZ, possessing a value
of 156 = 9 GPa. For Ta:LLZ the values are always lower than for un-substituted LLZ, however,
slowly approaching this value at higher dopant levels. Global, effective specimens’ mechanical
properties obtained at higher indentation depths/loads are affected by both the properties of the
material itself (including grain size effects) and the porosity, varying from 124 + 3 GPa to 149 +

7 GPa. For Ta:LLZ the rather low values even for high density samples need to be kept in mind
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when considering component design and manufacturing, since often elastic moduli behaviors are

also reflected in materials fracture strengths.

In the second part, the micro-pillar splitting method was successful introduced and used for the
first time on the solid electrolyte material Al-substituted LizLaszZr,O12 produced via cold-pressing.
The single crystal representative fracture toughness value obtained via micro-pillar splitting tests
was 0.99 £0.05 MPam®3, which is in good agreement with the global VIF fracture toughness
1.19 MPa m%> obtained in the current work, using a Palmqvist crack model. A direct comparison
with literature has to be carried out carefully, since grain sizes and composition have to be taken

into consideration.

In the third and last part, the mechanical properties were measured as function of grain size for
dense hot-pressed Al-doped and Al-free LigsLa3Zr1.6Tao 4012 with precursor powder processed via
synthesized via solid-state synthesis and solution-assisted solid-state synthesis. Elastic modulus
and hardness as function of penetration depth were evaluated, and are constant in the depth range
evaluated. Fracture toughness was measured via VIF and micro-pillar splitting test, in addition
pillar size effect was investigated at pillar diameter of 5 and 10 pm. For VIF toughness, the results
indicate that loads exceeding 3 N are not appropriate due to secondary cracks. A straight crack
shape was observed for samples with larger grain size and a path along grain boundaries for
samples with smaller grains (see Figure 4.37). Besides the crack pattern, grain size has no influence
on the fracture toughness. Single crystal and polycrystalline toughness of hot pressed materials are
~1 MPa m®>. For micro-pillars with 5 pm diameter an apparent increase in the fracture toughness
is noted and this was attributed to Ga-ion damage, however, for pillars with 10 pm diameter this
effect is considered to be negligible since the damage is concentrated at the edges of the pillar and
far from the location of crack initiation. Further investigation with different pillar diameter and in

similar direction can be made for materials after operation.

Conclusively, the LLZO materials would attend the criteria proposed by Monroe et al. [96] to
avoid dendrite formation, however, additional necessary selection criteria based not only on the
elastic behavior cannot be ruled out for this material. In addition the fracture toughness values of
LLZO is in general around 1.1 MPa m®? and suggests that improvements are advantageous without
causing detrimental effect on ionic conductivity. The provided mechanical properties of this work

could form the fundamental basis for rather advanced databases and simulation work, in order to
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design novel and optimized materials and architectures. The successfully establishment of fracture
toughness via micro-pillar splitting test can be a basis for future works on solid electrolytes,
assessing local fracture toughness values on samples with compositional variations, different grain

orientations, samples after long-term operation and also tests at adverse temperatures.
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Figure A.1- XRD patterns of pure LLZ, Al and Ta dopants.
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Figure A.2- EBSD orientation map of 20Al:LLZO-2h a) Z - direction (sample normal direction), b) Y -

direction; c) X-direction.
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