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1. Introduction  

The substantial utilization of energy being still strongly based on fossil fuels caused 

increasing concerns associated with global warming, climate change, environmental pollution 

and future energy shortage p. In order to reduce the dependency on fossil fuels, which would be 

beneficial for the environment, especially in terms of the reduction of CO2 emission, a variety of 

technologies are being developed applying sustainable energy sources [1]. Rechargeable 

batteries, which can reciprocally transfer energy from external electricity with an internal 

chemical storage and vice versa, are deemed to be a promising energy buffer due to the 

technological and economic feasibility [2]. Furthermore, as the demands for batteries in terms of 

capacity, portability and size miniaturization increase, lithium ionic batteries (LIBs) are getting 

more and more attention [3].  

 

In LIBs, electrolytes are required to separate the electrodes from short-circuit and permit the 

ionic transportation. Conventional electrolytes that are used currently in commercial batteries are 

based on liquid electrolytes consisting of organic solvents, which endure leakage, flammability 

and potential explosion [4]. All solid-state lithium-ion batteries (ASSLIBs) being based on solid 

state electrolytes are regarded at present as an alternative to conventional batteries on account of 

their higher ionic conductivity, energy density as well as higher chemical stability and safety [5]. 

The potential solid electrolyte classes can be divided into polymers, glass-ceramics, glassy 

amorphous electrolytes and inorganic solid electrolytes [6]. Among the inorganic solid 

electrolytes, promising ionic conductive ceramic materials have been developed, e.g., sodium 

(Na) super ionic conductor (NASICON) materials, perovskite materials and garnet type materials 

[7].  

 

The commendable electro-chemical performances of solid electrolytes could satisfy the 

requirements for commercial application, for power source applications ranging from micro-

device to spaceships, as has been investigated in a number of studies [8], nevertheless 

mechanical properties of electrolytes, which are important to warrant the long-term reliability, 

need to be studied deeper.  

 



1. Introduction 

2 
 

Considering battery applications in micro-devices, where the electrolyte thickness should be 

thinner than 20 μm, the preferred orientations of the electrolyte ought to be found out and 

selected to achieve optimized separation and support for the electrodes [9]. Besides, mechanical 

properties of the electrolytes might change as a result of charging and discharging cycling related 

to the chemical expansion [10]. In addition, to warrant a long-term reliability of the battery 

component the assessment of fracture strength and failure probability of the electrolyte is 

necessary and can be used as criteria for the further design and improvement of the ASSLIBs 

[11]. 

 

Thus, the overall aim of this work is to study the mechanical characteristics of ceramic 

materials that are considered as candidates for application as solid electrolytes and the 

relationship of properties to materials’ microstructures. For this purpose three types of solid 

electrolytes, NASICON type Li1+xAlxTi2-x(PO4)3 (LATP), garnet type Li7La3Zr2O12 (LLZO), 

perovskite type Li0.350La0.557TiO3 (LLTO), were chosen due to the promising electro-chemical 

properties. To widen the understanding of the mechanical properties of newly-developed LATP 

materials compared to LLZO and LLTO materials, the hot-pressed LATP materials sintered at 

various temperatures in the range of 950 °C to 1100 °C were selected to investigate sintering 

temperature effects on the mechanical properties. Meanwhile the LATP sintered at 1100 °C, 

which revealed higher elastic modulus and hardness than the other LATP samples, was selected 

to study the grain orientation effect related to the rhombohedral crystal structure. Since the 

fracture strength of pure LATP has been reported by Jackman et al. [12], the tape casting 

Li1.5Al0.5Ti1.5(PO4)3 mixed with SiO2 (LATP:Si) was selected here to investigate the fracture 

reliability and to assess if the mechanical properties can be improved with the addition of SiO2 

binder during the processing. In addition, the fracture reliability of the alternative material LLZO 

was studied in this work to permit comparison; elastic modulus, hardness and fracture toughness 

were not studied here since they have been reported elsewhere [13, 14]. As the electrolytes in 

all-solid-state lithium batteries are operating under cyclic voltage condition that are associated 

with chemical expansion effects, exemplified for LLTO, a material being close to application 

[15-17], voltage effects on mechanical properties were studied. The relation between the 

mechanical properties and the microstructure of the materials i.e. phase information, grain size, 

porosity etc. is always discussed. 
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Overall, the investigation of the sintering temperature effect, charge state effect and grain 

orientation effect on the mechanical properties of the electrolytes as well as the fracture 

reliability aid an understanding of the mechanical behavior of the materials and provide a data 

base for further improvement of design and processing of battery materials and cells.  
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2. Literature Review 

As outlined above, all solid state lithium batteries are a promising alternative for conventional 

lithium batteries with liquid electrolyte. Apart from the superior electro-chemical properties of 

the solid electrolyte applied in the ASSLIB, for instance, the favorable ionic conductivity, 

chemical stability, thermal compatibility, satisfactory mechanical behavior are also highly 

required and can potentially be met by the ASSLIB materials. This section introduces the basic 

knowledge on lithium batteries and solid electrolytes as well as the mechanical aspects that are 

potentially relevant for reliability and failure of such batteries.  

 

2.1 Batteries 

Since global societies have developed a crucial dependency on electricity, the evolution of the 

systems for conserving energy becomes pivotal in the 21st century [18]. As a device transforming 

and storing the energy generated via the spontaneous chemistry reaction to electrical work, 

batteries have outstanding properties in this respect: charging and discharging electrical energy, 

portability and flexibility for short lead period in fabrication [19]. With the separation of 

electrolytes in between the electrodes, the current carrier from one electrode to the other is 

realized, while an external intact circuit path is applied to the battery cell [20]. Inside the battery 

cell, the circuit is closed by the ion transport through the electrolyte. To assess the battery 

systems’ performance several parameters like energy density, power density and energy 

efficiency are of main concern [21]. 

 

The basic electrochemical cell concept is attributed to an experiment by Alessandro Volta that, 

when separating two unlike metals (copper and zinc) with acidic electrolyte, electricity can be 

produced [22]. The first primary alkaline battery of zinc-carbon cell was invented by Alessandro 

Volta in 1800 [23]. Thereafter the rechargeable battery cells using aqueous electrolytes of lead-

acid was developed by Gaston Plante in 1859 [24]. Subsequently, the nickel-cadmium cell was 

proposed by Waldemar Jungner in 1899 and the nickel-iron cell was proposed by Thomas Edison 

in 1901 [25, 26]. These battery systems based on nickel were predecessors of the nickel-metal 

hybrid batteries introduced in market in 1989, which is currently still used in Toyota’s hybrid-

electric vehicles [27].  
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Due to the oil crisis in mid 1970s, the non-aqueous sodium batteries were prompted, that 

researchers at Ford Company discovered, revealing that with the usage of solid electrolytes 

(beta-Al2O3) at high temperature high sodium ion conductivity can be achieved [28]. Afterwards, 

the sodium-based battery systems based on Na-S and Na-MCl2, operating at 300 – 350 °C, were 

commercialized [29, 30], as illustrated in Table 2.1.  

 

In Table 2.1 the theoretical (Th.) and approximate practical (Pr.) specific (Sp.) energies of 

rechargeable batteries are listed, where theoretical values based on masses of active electrode-

electrolyte materials only, practical values based on mass of battery cell, and specific capacity of 

energy based on the values normalized to 1 kg [31]. The open circuit voltage (OCV) means the 

electrical potential difference between two terminals of a device when disconnected from circuit 

and the theoretical (Th.) specific (Sp.) capacity means the level of a production that would be 

attained if all of its equipment and operations performed continuously at their optimum 

efficiency. For OCV and Th. Sp. capacity indexes the higher value the better for portable 

electronic application [8]. Although the sodium-based batteries can offer theoretical energy 

densities of more than 700 Wh/kg, these batteries possess notable problems due to the necessity 

of additional rigs for heating and cooling the system to control operating and standby 

temperatures. Thus, the commercially realized working energy density of sodium-based batteries 

is only 90 - 120 Wh/kg [21]. Besides, safety concerns of sodium-based batteries can’t be ignored, 

i.e. that, if the membrane of β-Al2O3 ruptures, for the Na-S cell, the molten sodium can violently 

react with the molten sulfur and for the Na-MCl2 battery, the electrolyte NaAlCl4 can be 

decomposed to Al metal and NaCl, which both lead to possible sodium burning. Therefore, Na-S 

and Na-NiCl2 batteries are now primarily used for back-up power storage such as in submarine 

applications [31].  

 

Following the design of sodium-based battery, high temperature (80-120 °C), rechargeable 

lithium batteries with polymer electrolyte were projected, see Table 2.1 [32]. The lithium ion 

battery (Li-ion battery) was termed after the lithium-ions transfer between the electrodes through 

the electrolyte. However, due to the burning effects that arose from the lithium dendrites that 
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were growing through the electrolyte, yielding short circuit and continuous heating, the Li-

polymer battery dropped out the market [32].  

 

In 1991, Sony Company introduced the high voltage and energy LixC6 - Li1-xCoO2 cell with 

non-aqueous liquid electrolyte for portable devices, which brought a key improvement of the 

lithium ion battery technology, as illustrated in Table 2.1 [33]. Here, the lithium coupled with a 

graphite host was used as anode instead of lithium metal to protect the battery cell from dendrite 

formation. Other than regarding the anode, of which graphite remained the main candidate 

material, cathode materials with different composition and structure were developed and even 

commercialized, for instance, spinel LiMn2O4, olivine Li1-xFePO4 and the layered  LiCoO2 with 

substitution of Mn and Ni for Co (Table 2.1) [34-36]. During practical application, mixtures of 

the cathode materials are often adopted to enhance the cell properties and reduce the cost [31].  

 

Table 2.1 The theoretical (Th.) and approximate practical (Pr.) specific (Sp.) energies of 

rechargeable batteries (theoretical values based on masses of active electrode-electrolyte 

materials only; practical values based on mass of battery cell) [31]. 

System 

Anode 

(negative 

electrode) 

Cathode 

(positive 

electrode) 

Open 

circuit 

voltage (V) 

Th. Sp. 

Capacity (Ah 

kg-1) 

Th. Sp. 

En. (Wh 

kg-1) 

Pr. Sp. En. 

(Wh kg-1) 

Lead-acid 

[24]  
Pd PdO2 2.1 83 171 20-40 

Ni-Cd [25] Cd NiOOH 1.35 162 219 20-40 

Ni-MH [26] MH alloy NiOOH 1.35 ~178 ~240 50-70 

Na-S (350 °C) 

[29] 
Na S 2.1-1.78 377 754 ~120 

Na-MCl2 

(300 °C) [30] 
Na NiCl2 2.58 305 787 ~90 

Li-polymer 

(80-120 °C) 

[32] 

Li LiV3O8 3.3-2.0 ~340 ~884 

~150 (weeded 

out due to 

fires) 

Li-ion [33] LixC6 Li1-xCoO2 4.2-3.0 158 (x=1.0) 584 100-150 
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Li-ion [34] LixC6 Li1-xMn2O4 4.2-3.0 104 (x=1.0) 424 80-100 

Li-ion [35] LixC6 Li1-xFePO4 3.4 117 (x=1.0) 398 80-100 

Li-ion [36] LixC6 Li1-xMO2 4.6-3.0 160 (x=1.0) 592 - 

 

However, based on observations made for existing lithium ion batteries, apart from concerns 

regarding higher energy densities, more attention is directed towards application relevant aspects 

like capacity loss due to continuous charging and discharging, utilization of devices in grids, and 

especially concerns regarding liquid electrolyte [37]. The main drawback in conventional Li-ion 

batteries is the usage of the flammable, toxic liquid electrolyte, which suffers from leakage if the 

battery cell structure is damaged, and makes the conventional Li-ion battery prone to explode as 

a result of strong exothermic reactions especially in cases that the liquid electrolyte is unable to 

prevent the formation of the lithium dendrites during charging/discharging [38, 39].  

 

For the sake of surmounting such problems, recently all-solid-state lithium ion batteries 

(ASSLIBs) with a solid electrolyte positioned in between the electrodes are being 

comprehensively investigated [40]. Such Li-ion batteries with solid electrolyte are superior in 

terms of reduction of weight and volume of the cell and higher energy output, which enables a 

higher working efficiency [41]. In addition, compared with other common power carriers, the 

solid state Li-ion batteries also possess advantages regarding lower self-discharge and wear and 

also a more stable output voltage [42]. The working principle of conventional Li-ion batteries 

and all solid state Li-ion batteries is basically the same, whereas the realization in a construction 

can be much different, as illustrated in Figure 2.1 [43].  

 

Compared with the conventional battery possessing a liquid electrolyte, the battery using a 

solid electrolyte can be implemented into a more compact bipolar structure. Taking the lowest 

density of solid element lithium metal into consideration, a high theoretical capacity of around 

1000 Wh/kg might be achieved [44]. Nevertheless, the solid state batteries, especially the solid 

electrolyte, also faces challenges such as the apparently high ionic resistance at operation 

relevant environmental temperature, fabricating cost, and warranting and understanding of 

mechanical properties for battery design and development [45]. 
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Figure 2.1 Illustration of (a) conventional Li-ion batteries in stack and (b) bipolar all-solid-state 

Li-ion batteries in stack [43]. 

 

Furthermore, since the quantity requirements for portable devices increase rapidly, 

investigations on the small batteries applied in the micro-electronics like medical devices 

(hearing aid, in vivo imaging), highly integrated circuits (actuators, sensors), are also growing 

fast in recent years [46]. Comparing with the size of conventional commercial Li-ion batteries, 

for instance, the 18650 cylindrical battery cells is in 18.6 mm diameter and 65.2 mm length [47], 

the planar type micro batteries possess a total unit cell thickness of < 20 μm [9](where the 

thickness of the electrolyte can be a few microns, as illustrated  in Fig. 2.2), which requires both 

the electrodes and electrolyte materials to perform favorable and reliable regarding electro-

chemical properties and mechanical properties in such small size range [9]. 

 

 

Figure 2.2 Schematic of a planar thin-film micro-battery architecture [9]. 
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2.2 Solid electrolytes 

All solid state lithium ion batteries are composed of anode, cathode and the solid state 

electrolyte (SSE). The solid state electrolyte is not only conducting the lithium ions, it also 

serves as a separator in equivalence of a liquid electrolyte. It permits a simpler battery cell 

structure, lowers the risk regarding safety concerns like poisonous leakage, flammability, and 

potentially achieves higher energy density and lifetime [48]. In this subsection, the state of solid 

electrolyte materials is reviewed summarizing relevant properties. 

 

2.2.1 State of solid electrolytes for batteries application 

For being usable as electrolyte the material should have a sufficient amount of portable ions to 

ensure an adequate conductivity and low activation energy, and possess a low internal short-

circuit probability [49]. At present, solid electrolytes are mainly categorized into two types: 

organic polymer solid electrolyte materials and inorganic ceramic materials [50]. A typical 

difference between organic and inorganic electrolyte materials is their mechanical behavior, 

which results in the different designs of these two materials classes.  

 

2.2.1.1 Organic electrolytes 

Organic polymer electrolytes possess advantages regarding easiness to be processed, which 

leads to lower fabrication costs, and in addition flexibility, safety and ability of preventing the 

formation of lithium dendrites [51, 52]. In general, mainly two kinds of polymer electrolytes 

have been developed: one with lithium salts solved in the polymer chain and the other is that 

forming a polymer gel with additives of solvent [51]. The difference is that the solid polymer 

electrolytes have better mechanical properties, hence they can be used for free-standing films, 

whereas polymer gels have overall lower mechanical performances but higher ionic 

conductivities [50]. 

 

The polymer gel electrolyte is formed by introducing a liquid electrolyte into the polymer 

matrix [53]. The working principle of the polymer gels is quite similar to that of the liquid 

electrolytes, however, the polymer gels are safer and shape-flexible [51]. The most commonly 
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used polymer gel electrolyte is the poly-vinylidene fluoride (PVdF) mixed with 

hexafluoropropylene (HPF). The ionic conductivity of PVdF-HFP has been reported in a number 

of studies [54-56], and the conductivity can reach up to 4 S/cm [57].  

 

Two methods can be applied to improve the conductivity of the gel electrolytes. One is to 

increase the amount of pores in the structure to enhance the movement of lithium ions, which can 

be realized by adding particles or modify the structure [56, 58]. The other is the use of room 

temperature ionic liquids (RTIL), which is a safer alternative compared to conventional organic 

solvent-based electrolytes [37, 59]. Another commonly used gel electrolyte is poly-methyl 

methacrylate (PMMA), which, however, has a lower conductivity, especially at room 

temperature [60, 61].  

 

The solid polymers possess a higher elastic modulus and hardness than the gel electrolytes, of 

which the poly-ethylene oxide (PEO) is most commonly one used currently [53]. The PEO 

material is good at solvating lithium salts to yield improved ion conduction [62, 63]. The ionic 

conductivity property of PEO material mixed with different lithium salts are in a similar range 

(10-3 - 10-6 S/cm at room temperature) [50]. For the sake of decreasing the activation energy for 

ion-conduction in PEO materials the temperature can be increased, which is related to the glass 

transition point [64]. In addition to PEO materials, substitutional materials are also developed 

such as poly-ethylene oxide-methyl ether methacrylate (PEOMA), poly-ethylene glycol 

methacrylate (PME) or tri-ethylene glycol diacrylate (TEGDA), which possess conductivity 

properties close to or even higher than PEO [65-67]. Overall, both the gel electrolytes and solid 

polymer electrolytes can be used in combination with other salts or other electrolytes to improve 

conductivities [68-71]. 

 

2.2.1.2 Inorganic electrolytes 

Regarding inorganic ceramic materials, the ionic conductivity induced by point defects 

requires energy for their creation and motion, which implies that via the use of higher 

temperatures the conductivity can be increased [72]. In this respect, ceramic electrolyte 

candidates have advantages for use in such higher temperature applications rather than organic 

polymer electrolytes. Some compounds that possess high ionic conductivity at rather low 
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temperature have been studied for applying in the Li-ion batteries [73-76]. In contrast to the 

polymer materials, ceramic electrolytes completely without any organic solvent possessing 

higher elastic modulus and hardness are likely to be considered as the candidate materials for 

micro-batteries [5, 77].  

 

The inorganic ceramic materials can be sorted into two types: crystalline ion conductors and 

amorphous glass ion conductors [78]. The difference is that different manufacturing processes 

are applied to produce the non-crystallized sample, like twin roller, high-energy mechanic-

chemical milling, and vapor deposition or even explosive glass forming craft [79], whereas for 

the crystalline materials hot pressing, injunction molding, dry pressing, tape casting, isostatic 

pressing methods are used [80].  

 

The lithium phosphorus oxinitride (LiPON) material is also considered as solid electrolyte 

candidate. LiPON with the composition Li2.88PO3.73N0.14 was reported to have a high ion 

conductivity of 3.3×10-6 S/cm at room temperature [81]. The sulfide compounds have been used 

as electrolytes in crystalline, amorphous and mixed forms [50]. As a typical sulfide electrolyte 

Li2S-P2S5 has been widely investigated as a glass or glass-ceramic compound of which the 

conductivities varies from 10-5 to 10-2 S/cm depending on the P2S5 content [82, 83]. The 

conductivity of Li2S-P2S5 in glass-ceramic form is higher than that in glass form, which 

manifests that the crystalline phase possess better electrochemical property than the amorphous 

phase [72]. Nevertheless, the crystallization can somehow decrease the total conductivity in 

some cases like Li2S–P2S5–Li4SiO4 [84]. Other sulfide glasses are also developed like Li-Si-P-S, 

Li-Ga-Ge-S, of which the conductivity is similar to Li2S-P2S5 and can be improved by adding 

Li4SiO4 [41, 50]. In addition, new sulfide crystals, lithium superionic conductors (LISICON) 

found in the Li-Ge-P-S system, have also been investigated like Li3.25Ge0.25P0.75S4, 

Li4.2Ge0.8Ga0.2S4 and Li2.2Zn0.1Zr1.9S3 [85-87]. 

 

The phosphate compounds AM2(PO4)3 (A = Li, Na, K; M = Ge, Ti, Zr) were investigated 

already in the early 1960s and this structure is named NASICON (sodium (Na) super (S)  ionic (I) 

conductor (CON)); they have a high sodium ion conductivity as firstly indicated by Goodenough 

et al. [88]. NASICON structures possess a rhombohedral space group, which can also be 
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computed into a hexagonal space group [75]. For lithium ion conduction the Li ions occupies the 

A sites and the lithium conductivity of the NASICON materials was related to the channel size 

and diffusing ions [73].  

 

LiTi2(PO4)3 is reported to have a high ion conductivity and with the substitution of M3+ (M= 

Al, Ga, Cr, Fe, In, Y, La) for Ti4+ the conductivity can be improved by more than one order of 

magnitude [89]. Particularly, NASICON with Al substitution, Li1.3Ti1.7Al0.3(PO4)3, was obtained 

with the highest conductivity of 7×10-4 S/cm at room temperature [89]. In addition, Xu et al. 

synthesized Li1.4Ti1.6Al0.4(PO4)3 via a spark plasma method in nano-grained structure with almost 

100% density achieving 1.12×10-3 S/cm [90].  

 

Among the NASICON structure material the Li1+xAlxGe2-x(PO4)3 (LAGP) has also been 

studied due to its good electrochemical stability, high conductivity and wide operation window 

[91]. It is reported that a glass-ceramic Li1.5Al0.5Ge1.5(PO4)3 was sintered in order to promote a 

conductivity of which 6.2×10-4 S/cm [91]. Thus, the NASICON type conductors possess 

necessary properties to serve as electrolyte in the all solid state lithium ion batteries.  

 

The novel garnet family electrolytes were first discovered by Kasper [92], with the general 

structure of A3B2C3O12 (A = Ca, Mg, La or rare earth; B = Fe, Al, Ga, Ge, Mn, Ni or V; C = Si, 

Ge, Al). In the lithium garnets the Li shares the corners in the tetragonal structure and octahedral 

structure, leading to a unit cell containing 5 to 7 Li atoms [92]. These kinds of electrolytes are 

found to possess a high decomposition voltage (6 V vs. Li) and an ionic conductivity similar as 

pure lithium, which makes them promising for the usage in the all-solid-state lithium battery. 

The Li5La3M2O12 (M = Nb, Ta) electrolyte yields a conductivity of 10-6 S/cm at room 

temperature and the conductivity can be improved by substituting the La site with Ca, Sr or Ba 

ions [93]. Another garnet electrolyte is Li6ALa2M2O12 (A = Ca, Sr, Ba), which can achieve an 

ionic conductivity of 4×10-5 S/cm [94].   

 

Currently works appears to concentrate more on the Li7La3C2O12 (C = Zr, Sn) material [93, 

95]. The Li7La3Zr2O12 in cubic structure was also investigated, which possesses the highest 

conductivity of 1.8×10-4 S/cm [95]. However, the tetragonal structured Li7La3Zr2O12 has a lower 
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conductivity and higher activation energy [96]. The difference between the tetragonal and cubic 

structure is that the lithium vacancies are completely ordered in tetrahedral sites, however, the 

tetrahedral structure transforms into a cubic structure between 100 to 150 °C [14]. In order to 

stabilize the cubic phase of Li7La3Zr2O12 and to enhance the conductivity further Al doping and 

other metal substitutions for example Zr might be used [97, 98].  

 

Perovskite type ceramic materials, with general structure of ABO3 (A is alkaline metal ion 

and B the transition metal ion), are also developed for solid electrolyte application [99]. A 

perovskite ABO3 material ideally possesses a cubic symmetry. Due to the composition and 

sintering process, a tetragonal or orthogonal structure can also be obtained [100]. Regarding 

perovskite type electrolytes a series of Li3xLa2/3-xTiO3 was evaluated, where Li and La take the A 

sites [99]. The conductivity of this material can exceed 10-3 S/cm at room temperature, which 

attracted strong scientific interests [101]. The occupation of La at A site generates more 

vacancies, where the lithium ion transport can be improved by a vacancy mechanism [100]. 

Nevertheless, since the lithium can intercalate into the Li3xLa2/3-xTiO3 lattice, leading to a Ti3+ 

transformation, the Li3xLa2/3-xTiO3 is not suitable for use as solid electrolyte if in direct contact 

with lithium [102].  

 

The research field on solid electrolytes is developing gradually and the current attainments 

manifest that the ASSLIBs are promising for energy storage and future portable devices 

applications [31]. Further development is still necessary to improve their energy density, electro-

chemical stability and production process, while warranting their primary safety. Although 

laboratory reports on ASSLIBs, especially of the solid electrolytes, exist in a rather large 

quantity [50], they are still not close to commercial industrial applications, which requires further 

systematic investigations on various aspects of the materials including mechanical behavior. 

 

2.2.2 Li1.3Al0.3Ti1.7(PO4)3, Li7La3Zr2O12 and Li0.350La0.557TiO3 solid electrolytes 

A brief summary of typical advanced inorganic solid electrolytes is listed in Table 2.2. It can 

be seen that the garnet, NASICON and perovskite type materials have quite comparable ionic 

conductivities. For the commercial application not only the ionic conductivity of these materials 
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needs to be improved, but also the mechanical characteristic deserves deep exploration to 

warrant long-term safety in operation.  

 

Table 2.2 Brief summary of typical inorganic solid electrolytes. 

Short name Type 
Representative 

composition 

Ionic conductivity 

(RT, S/cm) 
Reference 

LiPON Amorphous Li2.88PO3.73N0.14 3.3×10-6 [81] 

Sulfide glass Amorphous Li2S–P2S5–Li4SiO4 10-3 [84] 

LISICON Crystalline Li2.2Zn0.1Zr1.9S3 10-6 [85-87] 

NASICON Crystalline Li1.3Al0.3Ti1.7(PO4)3 1×10-3 [89-91] 

Garnet Crystalline Li7La3Zr3O12 4×10-5 [14, 93, 95]  

Perovskite Crystalline Li3xLa2/3-xTiO3 10-3 [101, 102] 

 

 

Figure 2.3 Representative atomic structure of (a) NASICON type electrolyte, (b) garnet type 

electrolyte, (c) perovskite type electrolyte [96]. 

 

(a) (b) 

(c) 
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In this work, three kinds of solid electrolytes, NASICON type material, Li1.3Al0.3Ti1.7(PO4)3 

(LATP), garnet type material Li7La3Zr2O12 (LLZO) and the perovskite type material 

Li0.350La0.557TiO3 (LLTO), are selected and characterized regarding their mechanical properties, 

due to their stable and promising electro-chemical behavior and ionic conductivities [78]. The 

representative atomic structures of these three type materials are shown in Fig. 2.3.  

 

2.2.3 Chemical expansion  

During cycling in solid-state lithium batteries, the uptake and release of lithium ions in 

electrodes and electrolyte lead to the volume dilation of the material, which is commonly 

referred to chemical expansion. The ceramic battery materials with brittle nature experiencing 

chemical expansion can hence possess a related mechanical instability during operation. In 

addition, the bond length variation of the lattice related to the chemical expansion influences the 

electrochemical and mechanical properties [103, 104]. The chemical expansion also plays an 

important role in interfacial process and stability of the electrodes and electrolyte, thus the 

chemical expansion give information on the spatially distribution of defects inside the materials 

and the ion kinetics across the interfaces [105, 106].  

 

Chemical expansion signifies the variation of the material’s volume as a change of the 

material’s composition/stoichiometry. As can be seen in Table 2.3, the chemical expansion can 

be divided into two types [107]. As the fraction of elements dissolved in the host lattice increases 

the lattice parameter possesses a gradual increase. With further augment of dissolving elements, 

the host lattice becomes liable for the system to form two different phases but with related crystal 

structures (i.e., miscibility) and hence the lattice parameter changes. During this process, one 

phase can be consumed and the other phase grows as dominant resulting in the volume change. 

Later with so much dissolving material accommodated, a second phase with unlike crystal 

structure is formed. The continuous change in lattice without any new phase formation is 

referred to as stoichiometric expansion, whereas the lattice parameter change together with 

additional phase formation is recognized as phase change expansion.  
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Table 2.3 Different types of chemical expansion (chemically induced expansion) [107]. 

Chemical expansion: compositionally driven dilation 

Terminology Stoichiometric expansion Phase change expansion 

Defining characteristics 

Gradual dimensional change 

with gradual stoichiometry 

change (no significant crystal 

structure change) 

Dimensional changes 

associated with a change in 

crystal structure and/or with a 

large, discrete change in 

lattice parameter 

 

Batteries typically display volumetric expansion upon the ion insertion, as summarized by 

Woodford [108] who reported on the chemical expansion values for both lithium- and sodium-

based batteries materials. The chemical expansion assessed upon lithium ion inserting to 

LixMn2O4 is shown in Fig. 2.4 (a) [109]. It can be found that the volume change of LixMn2O4 

experiences three stages. In the first stage of inserting lithium, the lattice parameter shows a 

small increase in line with phase change expansion of which the material maintains isostructural. 

At x > 0.7, the lattice parameter gradually increases with lithium insertion exhibiting 

stoichiometric expansion. For x > 1, again the phase change expansion appears and is counted as 

the change from cubic to tetragonal structure. Fig. 2.4 (b) shows the pressure-change comparison 

for battery cell setups involving a metal anode and zero-strain anode [110]. Due to the lithium 

removal of LiCoO2 both anodes show an increase trend regarding pressure. Nevertheless, since 

the volume change of Li4Ti5O12 is ignorable, the pressure variation is way smaller than using a 

metal anode in the battery.  
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Figure 2.4 (a) Structural changes in tetragonal unit cell dimension of LixMn2O4 showing an 

initial phase change expansion, then stoichiometric expansion and ultimate phase change 

expansion [109]. (b) A direct comparison of the pressure-change in SSBs with an indium anode 

(deep blue) and a Li4Ti5O12 anode (light blue) [110]. 

 

Bucci et al. [111] put forward a coupled electro-chemo-mechanical model to firstly quantified 

analyze the boundary condition of the battery. It is found that when the expansion of the 

electrode-particle is smaller than 7.5% and the fracture energy of the electrolyte is higher than 4 

Jm-2, the solid electrolyte fracture can be prevented. In the charge process of the model when 

electrolyte uptakes around 50% of total lithium capacity the compressive stress can be higher 

than 1 GPa. Contrary to intuition,  as shown in Fig. 2.5 compliant solid electrolytes (typically 

elastic modulus of 15 GPa) are more liable to micro cracking [112]. State of charge (SOC) is the 

level of charge of an electric battery relative to its capacity, of which the units are percentage 

points (0% = empty; 100% = full).  The chemical expansion can not only affect the material 

crystal structure, but also correspondingly change the mechanical properties of the material like 

fracture strength [112]. 

 

(a) (b) 
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Figure 2.5 The extension of cracks plotted for solid electrolyte materials with different elastic 

moduli [112]. 

 

2.2.4 Dendrites issues  

Although the lithium batteries have the promising properties for portable devices, the use 

under high energy and high power conditions can lead to the safety issues of these batteries, 

which currently represents a barrier for the development of all solid state lithium ion batteries 

and needs to be solved [113]. Among the safety issues (mechanical misusage, electrochemical 

misusage and thermal misusage), the formation of lithium dendrites is one of the most important 

and common matter resulting in the internal short-circuit of lithium ion batteries [114]. Recently, 

quite a number of investigations have been devoted to deeply understand lithium dendrites, 

formation mechanism as well as the factors influencing the dendrites formation [115, 116]. 

Typical lithium dendrites formed on the anode can be seen in Fig. 2.6. However, the mechanisms 

still need future studies.  
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Figure 2.6 Observation of typical lithium dendrites formed on a anode surface [115]. 

 

A kinetic model based on the stress and on current density distribution at the interface was 

proposed to understand the growth of the lithium dendrites [117]. In this model it is proposed 

that to prevent the lithium penetrating into the electrolyte material the shear modulus of the 

electrolyte needs to be at least double of shear modulus of lithium (4.25 GPa). This indicates that 

the electrolyte possessing shear modulus of higher than 8.5 GPa might be used without dendrite 

vulnerability. However, subsequent tests with materials with adequate shear modulus to check 

the suppression of the dendrite propagation were not successful [114], indicating that only a 

higher shear modulus is not sufficient for electrolytes to resist dendrite growth.  

 

An analytical model was proposed based on the assumption that the occurrence of lithium 

dendrites at the lithium-electrolyte interface is derived by the high resistance of the grain 

boundaries, which leads to a higher local lithium potential compared to the standard lithium 

potential [118]. This “excess” electro-chemical-mechanical potential can possibly be reduced by 

an internal stress induced by dendrites forming in the electrolytes, or by a current concentration 

at the convex on the lithium surface. In this first case the shift stress resisting the lithium 

nucleation, which is equivalent of the electrolyte fracture stress, is assumed to be 100 MPa [118].  

 

For a ceramic electrolyte material with defects like pores or voids in the surface can be 

expected, since the normal traction is compressive at the interface, an equal stretching stress in 
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the orthogonal direction around the defects is generated, which can then lead to fracture [119]. In 

the other situation the growth of bulge of lithium metal is considered, that assuming the bulge 

size to be unity and the current density of 1 mA/cm2, the growth of a bulge occurs if the charge 

resistance at interface is higher than 13.7 Ω·cm2 [118]. It has been reported that as the critical 

current density is surpassed, any unevenness or inhomogeneous surface area as well as the 

minimum defect in the surface can influence the penetration process of the lithium dendrites, 

which leads to a stress and possibly results in crack propagation [120]. The lithium metal can fill 

in the interfacial flaws in the electrolytes and the crack mode follows the Griffith flaws as 

illustrated in Fig. 2.7.  

 

 

Figure 2.7 Illustration of lithium grows into the electrolyte, the red arrow indicates the dendrite 

growth and blue arrows represent the electric field [120]. 

 

In another model, it was proposed that in order to investigate the relation between the stress 

gradient and the shear stress, the plain strain is analyzed [121]. In this model the lithium metal is 

simplified into filaments with the constant thickness according to the experimental observation. 

The maximum stress on a lithium filament strongly depends on the length, which can be 

thermodynamically determined by the excess potential. Here the mechanical failure is relating to 

the electrical actuating force, which differs from the Monroe and Newman’ shear modulus theory 

[114]. Assuming a uniform stress inside the voids, the crack extension in case of linear elastic 

rupture mechanism follows a Griffith-like criterion [121]:  
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𝜎 ≥ 


ఊ ∙√గ∙ఈ
                                                        (2.1) 

 

where the 𝐾ூ  is the fracture toughness of the electrolyte material, 𝛾 the geometric factor of the 

crack shape on surface (theoretically 1.12), 𝛼  the defect size, and 𝜎 is the uniform internal 

stresses equal to the maximum hydrostatic stress. With this equation the correlation between the 

minimum excess potential and the size of the defect in the electrolyte can be constructed. Even 

though this model can partially interpret the experimental observations [121], the proposed 

mechanism of the lithium dendrite propagation still needs to be further improved due to the 

uncertainty of the measurement on the defect size.  

 

Thus, the lithium dendrites problem has been investigated in a number of studies, yet the 

method for preventing its growth is still uncertain. To avoid the dendrites formation the grain 

boundary, microstructure, relative density and the electrolyte/electrode interface need to be 

considered [114, 122]. Understanding the mechanical characteristics of the electrolyte materials 

is beneficial in exploring the dendrites issue and thereby aiding further improvement for the 

battery application.  

 

2.3 Mechanical characteristics 

Considering real application conditions, the solid electrolyte materials are exposed to stresses 

induced by different internal and external operation states, for instance, the chemical expansion, 

the pressure difference on the two sides contacting with electrodes, incompatibilities of thermal 

expansion with other components, and so on [123, 124]. For the sake of operating the battery cell 

securely for a long-period, the risk related to mechanical failure should be assessed. The 

deformation and fracture behavior of the solid electrolyte material needs to be evaluated for 

mechanical stability and long-term application; hence, in addition to the elastic modulus that 

couples strains and stresses, particular fracture reliability is critical for investigation. Within this 

subsection, the basic concepts and theoretical backgrounds of mechanical characteristics are 

introduced.  
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2.3.1 Elastic behavior 

The elastic behavior is directly related to the atomic bonding of the material and the elastic 

deformation under applied stress is experimentally proportional to the stress, which can be 

expressed by Hooke’s law [125]: 

 

𝜎 = 𝐸 ∙ 𝜀                                                        (2.2) 

 

where E is the Young’s or sometimes termed elastic modulus of the material, σ the normal stress 

and ε the strain. In Hooke’s law, the material is assumed as a homogeneous and isotropic solid, 

however, some materials possess a strong anisotropy [126].  

 

In order to evaluate the elastic modulus, several methods have been implemented like 

indentation test, bending test, and some other non-destructive methods [127]. With the 

indentation test method, the elastic modulus of the material can be determined by the load-

displacement curve measured during the indentation process [128]. The method is particularly 

advantageous to assess materials during development when only limited specimens’ volumes are 

available for testing. The indentation with Berkovich or Vickers tips are most commonly used, 

whereas other tips like Knoop, Rockwell or Shore are also used less frequently [129].  

 

Here, the elastic modulus is obtained from the slope of the unloading curve, which serves as 

the response of the materials’ elasticity [130]. This method is widely used due to the small size 

requirement on the sample which can save the material as well as the time, however, the 

sample’s preparation needs to be carefully accomplished since roughness and unevenness  can 

influence the results [130]. Based on the slope of the unloading curve, dF/dh, the elastic modulus 

of the tested sample 𝐸௦ can be calculated using the following equations [128]: 
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                                                             (2.3) 
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where the Er is the reduced elastic modulus, A the contact area, νs the Poisson’s ratio of the 

sample, Ei and νi the elastic modulus and Poisson’s ratio of the indenter tip, respectively. In this 

work, a Poisson’s ratio, νi = 0.07, and Young’s modulus, Ei = 1141 GPa, for the diamond 

indenter tip were adopted [131]. 

 

However, the indentation test is considered to characterize the local elastic modulus of the 

indented area as a materials property rather than the specimens’ global elastic modulus that 

includes effects of inhomogeneity, pores and defects. Thus, to evaluate the elastic modulus for 

whole sample of the tested material another method needs to be used. Here, the bending test is a 

common method for characterizing the material’s elastic behavior [132]. For adopting this 

method, a sample with specific simple shape and size should be fabricated. Similar like for the 

indentation method, the elastic modulus is determined from the load-displacement curves; 

however, here typically the loading curve is used, whereas in case of indentation testing the 

unloading curve is used due to the large plastic deformation occurring during loading in this test 

that typically is not the case in bending tests. As shown in Fig. 2.8, samples in different shapes 

like bar shape, plate shape, tube shape, due to the manufacture process or application background, 

can be tested using corresponding methods [132]. 

 

 

Figure 2.8 Schematic of different bending test methods: (a) (a) four-point bending, (b) three 

point bending, (c) ring-on-ring, (d) ball-on-ring, (e) ball-on-three balls, (f) four-point bending of 

semi-cylindrical specimens, (g) O-ring, and (h) C-ring [132]. 

 

(a) (b) (c) (d) (e) 

(f (g) (h) 
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In addition, the impulse excitation method is also an advanced technology for determination 

of the material’s elastic modulus in a nondestructive way [133]. The application of impulse 

excitation method can be hindered if the sample has a large damping coefficient or in case of 

extremely thin shapes, which can lead to inaccurate results [133]. Since the solid electrolyte is 

always in the form of a thin plate for practical application, the indentation and bending test 

method are applied in this work.  

 

2.3.2 Plastic behavior 

Additionally, the plastic behavior is related to the resistance of the material to non-elastic 

deformation. The indentation test is a traditional method to evaluate this characteristic of 

materials yielding the hardness. The hardness of a material is related to the geometry of the 

indenter, microstructure, phase composition and to some extent, also the elastic modulus [134]. 

The indentation test equipped with different kinds of tips can be used to obtain hardness result, 

where the value can be derived from the following equation  [135]:   

 

𝐻 =
ೌೣ

ೝ
                                                        (2.5) 

 

where Pmax is the maximum indentation load and Ar the residual indentation area after the 

indentation. In order to obtain an accurate hardness value, the sample’s preparation needs to be 

carefully accomplished, similarly as in case of the elastic modulus determination. Another 

important point in the indentation test method is that the imprint load can affect the results and 

therefore a comprehensive range of loads need to be induced. This feature of the indentation test 

is referred to as indentation size effect [136]. 

 

2.3.3 Fracture toughness  

Fracture toughness is an important property of a material to describe the ability to resist crack 

growth [137]. Especially for solid electrolyte materials, the electrolyte suffers from stresses 

resulting from chemical expansion and/or differences in thermal expansion if co-sintered in 

particular for thin-film batteries [103, 104].  
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The crack can be generated three modes I, II and III as shown in Fig. 2.9. Mode I is the 

opening mode, Mode II the in-plane shearing and Mode III the out-of-plane shearing, 

respectively [138].  

 

 

Figure 2.9 Schematic of the fracture modes: Mode I opening mode, Mode II in-plane shearing 

and Mode III out-of-plane shearing [139]. 

 

The occurrence of fracture is considered to result from the decrease of the free energy as 

expressed by the following Griffith’s equation [140]:  

 

σ = ට
ଶ∙ா∙ ீ

గ∙ఈ
                                                             (2.6) 

 

where σ is the fracture stress, 𝛼 the defect size, E the elastic modulus and 𝐺 the energy release. 

This approximation can be applied in the ideal fracture case, where only the elastic energy and 

new surface creation energy are to be considered. Nevertheless, the actual fracture can be more 

complexed by the energy dissipated in other sinks, like heat, plastic deformation, or acoustic 

emission. Therefore, another way considering the stress distribution around the crack was 

proposed, i.e., that the stress intensity factor K for each crack mode can be expressed as [141]: 

 

𝐾 = 𝜎 ∙ 𝑌 ∙ √𝜋 ∙ 𝛼                                                             (2.7) 

 

where Y is the dimensionless coefficient regarding to the crack mode. In general, ceramic 

materials fracture in mode I and form Griffith’s crack geometries (Median), in this case Y equals 
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to √𝜋 [142]. Thereafter, the fracture toughness 𝐾୍େ can be evaluated once the stress reaches the 

fracture stress 𝜎:  

 

𝐾ூ = 𝜎 ∙ √𝜋 ∙ 𝛼                                                             (2.8) 

 

Thus, once the fracture toughness has been derived, the critical initial flaw size for the crack 

can be calculated for a given fracture stress, which is equivalent to the approach that to the 

tolerable stress can be assessed from fracture toughness and crack size.  

 

Nowadays, basically three types of methods are used to evaluate the fracture toughness, 

conventional tests (i.e. for example notched bars), Vickers indentation fracture test based (VIF) 

and micro-pillar or other micro-mechanical test [143] as illustrated in Fig. 2.10. The 

conventional test methods have been used for a long time and can be adapted to most materials. 

However, the conventional test requires a number of tested specimens of discrete size, which can 

hinder, due to materials availability, the application of the methods [137].  

 

The micro-mechanical methods are newly invented approaches to characterize the fracture 

toughness of materials, which are recognized as a novel way to evaluate the local fracture 

toughness, especially for those samples available only in small size. Nonetheless, these micro-

mechanical tests are rather new and the fabrication of the micro-specimens is rather complicated 

so that this method is still under development and improvement [13, 143, 144]. Furthermore, in 

this work in particular regarding sintering temperature effects, the mechanical properties tested 

with indentation method verified to be adequate to show the trend. Hence, micro-pillar tests are 

out of the scope of the current work and subject of separated works like [13], in fact it has been 

verified in a recent work [13] that micro-pillar and indentation testing yield good agreement 

regarding the fracture toughness of LLZO, thus supporting the use of indentation testing to 

analyze the fracture toughness of solid state electrolytes, and thus the micro-pillar test method is 

not discussed in detail in this work.  

 

The VIF method was chosen in this work to conduct the fracture toughness evaluation, since 

it has been widely used on small samples permitting a wide comparison to literature works based 
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on easy and straightforward specimens’ preparation. For VIF test implementation the sample 

needs to be prepared with well-polished, low roughness and even surfaces without pre-cracks.  

 

 

Figure 2.10 Schematic of the fracture tests, conventional methods: (a1) compact tension, (a2) 

single edge notched bend test (SENB), (a3) middle-cracked tension [137]; Vickers indentation 

fracture: (b1) radial-median crack, (b2) Palmqvist crack [145]; micro-mechanical method: (c1) 

single-cantilever beam test, (c2) pillar splitting test, (c3) double-cantilever beam test [143]. 

 

The VIF method can induce two crack modes, the median crack mode and the Palmqvist 

crack mode as shown in Fig. 2.10 (b1) and (b2), respectively. The criterion for determining the 

median crack mode is that the ratio of the measured length of cracks (l) to half of the diagonal 

(a) matched with the relation c/a ≥ 2.25 (as verified by the experimental data, where c = a + l), 

whereas if the ratio meets the relation 0.25 ≤ c/a ≤ 2.5 the crack system can typically be termed 

as Palmqvist mode [119]. In order to describe the relation between the fracture toughness and the 

indentation, different equations were developed, as listed in Table 2.4, for both Palmqvist and 

(a1) (a2) 

(a3) 

(b1) (b2) 

(c1) (c2) (c3) 
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median crack mode, where P is the load, E the elastic modulus and H hardness of the tested 

material.  

 

Table 2.4 Equations for calculating the fracture toughness via Vickers indentation. 

Crack mode Equation  Equation No. 

Radial-median 

𝐾ூ = 0.0726


య/మ  [146] (2.9) 

𝐾ூ = 0.0752


య/మ  [147] (2.10) 

𝐾ூ = 0.129 ቀ



ቁ

ିଵ/ଶ

ቀ
ு

ଷா
ቁ

ିଶ/ହ

ቀ
ுభ/మ

ଷ
ቁ  [148] (2.11) 

𝐾ூ = 0.014 ቀ
ா

ு
ቁ

ଵ/ଶ

ቀ


య/మቁ  [149] (2.12) 

𝐾ூ = 0.016 ቀ
ா

ு
ቁ

ଵ/ଶ
ቀ



య/మ
ቁ   [119] (2.13) 

𝐾ூ = 0.0725 ቀ


య/మቁ  [150] (2.14) 

Palmqvist 

𝐾ூ = 0.0515


య/మ  [146] (2.15) 

𝐾ூ = 0.079 


య/మ log ቀ4.5 



ቁ  [151] (2.16) 

𝐾ூ = 0.035 ቀ



ቁ

ିଵ/ଶ
ቀ

ு

ଷா
ቁ

ଶ/ହ
ቀ

ுభ/మ

ଷ
ቁ  [152] (2.17) 

𝐾ூ = 0.048 ቀ



ቁ

ିଵ/ଶ
ቀ

ு

ଷா
ቁ

ଶ/ହ
ቀ

ுబ.ఱ

ଷ
ቁ   [153] (2.18) 

 

Since for the Vickers indentation method the precise measurement of the length of the 

induced crack is critical for determining the fracture toughness, advanced observation methods 

need to be applied like optical and electronic microscopes. Additionally, the crack mechanism 

can vary since, especially for higher loads imprinted on the specimen, the stress distribution can 

lead to complications, resulting in multi-cracks, possible spalling and even the crack extension 

during unloading, which are not considered by the equations. Combining the simple criterion for 

the crack mode [139], the transformation of Palmqvist mode to median mode is rational as the 

loads are increased. Therefore, the fracture toughness as calculated from different equations 

based on the criterion related to the ratio c/a is used in this work to compare this materials’ 

performances criterion and compare to the values reported in literature.  
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2.3.4 Fracture reliability and subcritical crack growth 

As the existing limitation in terms of sustainable stress is very important for application, 

fracture strength and failure probability are critical characteristics for ceramics [154]. The 

fracture stress is the critical stress to generate and propagate cracks, i.e., to create new fracture 

surfaces [154]. Defects inside the ceramics act as concentrator of the stresses, which leads to the 

stress limitation of the brittle ceramic materials [139]. Therefore, contrary to metallic materials 

where the yield strength is highly important, the fracture stress of the ceramics possesses a 

statistical feature [138]. The ceramic materials’ fracture stress is relevant to the probability, i.e., 

with a given applied stress the capabilities of the flaws in generating facture [138]. Accordingly, 

it is common that the obtained fracture stresses for ceramic materials are quite scattered. To 

express the fracture behavior of the ceramics several statistical theories have been developed 

[139], of which the Weibull statistics is the most popular approach related to the weakest link 

possibility.  

 

Based on the Weibull statistics, the failure probability 𝑃 of the tested material exposed to a 

stress 𝜎 can be expressed as [155]:  

 

𝑃 = 1 − exp ቂ− ቀ
ఙ

ఙబ
ቁ


ቃ                                                        (2.19) 

 

where 𝜎 is a normalization factor representing the characteristic fracture strength of a ceramic 

material, which relates to the failure probability of 63.2%; m is the so-called Weibull modulus 

describing the scatter of the fracture stresses, which is associated with the homogeneity of the 

specimen (defect distribution) [156]. If the Weibull modulus m is close to 0, the failure 

probability of the material can be around 1 for any fracture stress, i.e., the material can fracture at 

any applied stress. In contrast, if m is close to infinity, the material can fracture only at the 

applied stress equivalent to characteristic fracture strength 𝜎. These two parameters are both 

important in characterizing the ceramic materials’ fracture strength diversity.  

 

Furthermore, especially the characteristic fracture strength can be affected by the specimen’s 

volume, geometry, shape porosity, probability of preexisting defects [138], etc., which indicates 
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that a comparison of the fracture strength needs to be conducted cautiously. Defects which can 

lead to cracks might be distributed randomly through the specimen volume or are concentrate in 

the surface or edges of the specimen due to the manufacturing process [157]. Hence, the 

probability of occurrence of larger or more cracks increases for a bigger volume, which indicates 

larger samples get weaker. In addition, the shape, geometry, loading approach as well as the 

defects amount and types can also influence the stress distribution relating to the Weibull 

statistics [139].  

 

A series of methods have been developed to measure fracture stresses (see also Fig. 2.8). It 

should be noticed that the compressive strength of ceramic materials is typically higher than the 

tensile strength [143] and mostly the maximum stress at fracture is considered as the fracture 

stress. Due to the complicated application conditions, samples need to be modified into specific 

geometries and shapes to mimic the working environment as illustrated in Fig. 2.8 to provide 

fracture property information. For solid electrolytes materials typically manufactured as thin 

pellets for battery cell, the ring-on-ring (ROR) and ball-on-3-ball (B3B) tests, illustrated in Fig. 

2.8 (c) and (e), are applied in this work to determine the characteristic strength and Weibull 

modulus; more details can be found in the section Experimental.  

 

To display the scattering of the results the uncertainty needs to be estimated. Yet the 

characteristic strength is obtained based on the probability distribution. The uncertainty of the 

Weibull statistics can be estimated including the probabilities distribution via a certain 

confidence interval. Normally, the probability failure distribution within a confidence level of 95% 

is adequate to indicate upper and lower bounds of characteristic strength and Weibull modulus. 

Thus, the lower and upper bounds for the characteristic fracture strength can be calculated via the 

following equations from the standard [158]:  

 

𝐶 = σ ∙ 𝑒ି

                                                        (2.20) 

 

𝐶௨ = σ ∙ 𝑒ି
ೠ
                                                         (2.21) 
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where 𝐶  and 𝐶௨ are the lower and upper bounds, 𝑡  and 𝑡௨ the constants relating to the given 

confidence interval and the amount of tested samples. For the Weibull modulus the lower and 

upper bounds can also be estimated by the same standard as following [158]:  

 

𝐷 =
୫


                                                        (2.22) 

 

𝐷௨ =
୫

ೠ
                                                        (2.23) 

 

where 𝐷  and 𝐷௨  are the lower and upper bounds, 𝑙  and 𝑙௨  the constants can be found in the 

standard. An illustration of the interval for a Weibull statistics of a material can be drawn with 

the upper and lower bounds of both characteristic fracture strength and Weibull modulus. As an 

example a schematic can be seen in Fig. 2.11. 

 

 

Figure 2.11 Illustration of the confidence interval for an arbitrary Weibull distribution. 

 

Moreover, for ceramic materials, cracks can nucleate and propagate under a stress lower than 

the fracture stress. Thus, this phenomenon needs to be considered, where the material suffers 

from crack growth with the assistance of electrochemical reaction [138]. As the crack tip 

constantly interacts with the environment, the breakage of the atomic bonds can occur which 

leads to the crack propagation, which is termed subcritical crack growth (SCG) behavior [155]. 

The direct method to evaluate the SCG sensitivity of a material is to conduct mechanical tests 
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with distinguished stress rates [155]. Additionally, based on the sensitivity test regarding 

subcritical crack growth a lifetime assessment of the ceramic material under a given load can be 

derived [159]. This failure probability combined with stress and time dependence can be 

depicted in a stress probability time (SPT) diagram [159, 160]; the analysis process is outlined in 

the section Experimental.  

 

2.3.5 Concerns regarding mechanical behavior of solid electrolytes 

Inside all solid state lithium ion batteries, the solid electrolyte is directly in contact with anode 

and cathode materials to act as separator and lithium ion conductor. Regarding mechanical 

properties, the elastic modulus of the electrolyte materials in battery application is important, 

especially for analyzing applied strain – induced stress relationships. Overall, it is preferential 

that the solid electrolytes deforming elastically to maintain contacting with the electrodes, once 

the volume changes during charge/discharge [50]. Hence it is suggested that the materials with 

not too high elastic modulus can be good options for the electrolytes application. Although the 

solid electrolytes possessed low stiffness are preferred to be used for the bulk type battery design 

[161], further investigation reports that the solid electrolytes possessing elastic modulus of lower 

than 15 GPa are more inclined to dendrite related crack initiations [112]. 

 

Another essential issue is the mismatch of the expansions and contractions on the electrolyte 

and electrodes, due to the lithium ion migration during the cycling inducing chemical strain [78]. 

This phenomenon can result in the formation of micro-cracks and even lithium dendrites. An 

electro-chemo-mechanical model was proposed assuming an electrolyte with elastic modulus of 

15 GPa and fracture energy of higher than 4 J/m2, in this case the fracture can be avoided if the 

electrode expansion is lower than 7.5% [112]. Hence, fracture and elastic properties of the 

material need to be considered simultaneously for the battery application.  

 

Inhomogeneity in the microstructure within the interface of electrolyte and electrodes can lead 

to the interior tensile and shear strengths in the battery cell [112]. In extreme operating 

conditions, like external shocks on battery, or even during the sintering process, the solid 

electrolytes inside battery cell suffer from the external impact and scratch conducted from the 
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electrodes [42]. Ceramics with higher hardness than that of typical polymer electrolytes are 

probably capable to support the battery cell avoiding mechanical shock effects [162]. Reliability 

under such situations requires not only high quality of the components regarding homogeneity, 

surface flatness, but also the precise assessments of the elastic modulus, hardness and fracture 

properties of the solid electrolytes for safe design [108].  

 

Furthermore, regarding planar micro-batteries, where the thickness of the electrolyte can be a 

few microns (with a total unit cell thickness of < 20 μm) [9], the preferred orientations of the 

electrolyte ought to be selected to achieve better separation and support for the electrodes. 

Concerning the crystal structure of the materials, it is known that rhombohedral materials (can be 

expressed in hexagonal notation [163]) like hematite (α-Fe2O3) and corundum (α-Al2O3) with 

space group of R𝟑ഥc possess a prominent anisotropy in mechanical properties and also other 

properties like magnetism [126, 164]. Nevertheless, the anisotropic property for rhombohedral or 

hexagonal structures is not as strong as in case of cubic or tetragonal crystal structure materials 

[165]. LATP has a rhombohedral crystal structure (space group: R𝟑ഥc), of which the unit crystal 

can be expressed in hexagonal notation [163], whereas the LLZO material is in both cubic and 

tetragonal structure and LLTO material is mainly in cubic crystal structure [166]. Thus, the 

anisotropy of the mechanical properties of LATP appeared to be most interesting and is selected 

for investigation to gain a deeper understanding of the material, which is then also beneficial for 

any potential application in micro-scale devices. Besides, since it was reported that the 

performance of solid electrolyte sintered with additive of SiO2 can be enhanced [167, 168], the 

LATP sintered with SiO2 as binder was selected to study the fracture reliability to compare with 

the pure LATP [12]. In addition, as mentioned, during cycling in solid-state lithium batteries, the 

uptake and release of lithium ions in electrodes and electrolyte leading to the volume dilation 

referred to chemical expansion can result in mechanical instability during operation [103]. The 

bond length variation of the lattice related to the chemical expansion influences the 

electrochemical and mechanical properties [104]. The chemical expansion also plays an 

important role in interfacial process and stability of the electrodes and electrolyte, hence it needs 

to be investigated if the mechanical properties of the electrolytes are beneficial for battery cell 

design [106]. The LLTO electrolyte, a material being close to application, is selected hence to 

investigate potential voltage state effects on the mechanical performance indicators [15-17]. 
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To evaluate elastic modulus and hardness of the ceramics several aspects need to be 

considered. The lattice parameter, secondary phase, porosity as well as the grain size 

synergistically or competitively affects the elastic modulus and hardness of the solid electrolyte 

and further influence the fracture properties and even the lifetime [169]. It has been reported that, 

to some degree, the currently considered solid electrolyte also suffers from effects related to the 

temperature applied during sintering, stoichiometric repeatability, grain boundary blocking effect 

and also electrochemical uncertainty [170]. In addition, the lithium intercalation during the 

cycling of voltage state can cause the lattice variations, which will also potentially impacts the 

mechanical properties [171]. 

 

2.4 Mechanical properties of solid electrolytes 

Although the electro-chemical behavior of solid electrolytes is the main aspect of materials 

development, the mechanical properties are also an important factor for their practical 

application [42]. According to the Monroe’s linear elasticity theory the shear modulus of the 

electrolyte needs to be two times higher than the Li metal, which is related to the elastic modulus 

[117]. For the ceramic materials used as solid electrolyte, hardness and fracture toughness are 

also key property for application, as they describe the ability of the material to resist penetration 

of the lithium dendrites and the fracture [137]. In addition, as the ceramics that are brittle possess 

an inherent scatter in fracture stresses, the fracture reliability analysis is important for ceramic 

electrolytes to understand the brittleness property [172]. Thus, the mechanical properties, like 

elastic modulus, hardness and fracture toughness, of the electrolytes materials are essential to be 

investigated for further battery cell design. Some investigations on the mechanical properties 

other than the electro-chemical properties of the electrolytes especially the LATP, LLZO, LLTO 

materials have been reported, as listed in Table 2.5. 

 

As shown in Table 2.5, a wide range of elastic moduli values for electrolytes exist. 

Particularly, Sulfide, LISICON and LiPON solid electrolytes tend to be much more compliant 

than the other oxide electrolytes [161, 173-175]. It can be noticed that the elastic modulus for 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) is in  the range 81 – 115 GPa, for Li7La3Zr2O12 (LLZO) it is 124 – 
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163 GPa and for Li0.350La0.557TiO3 (LLTO) 143 – 203 GPa [12-15, 17, 176-180]. LLTO material 

possesses the highest E value, whereas the LATP material has the lower values.  

 

Table 2.5 A brief collection of mechanical properties of solid electrolytes. 

Electrolyte Compound Test method 
Elastic modulus 

(GPa) 
Hardness (GPa) 

Fracture 

toughness 

(MPa∙m1/2) 

Sulfide 
Li2S–P2S5 [161] RUS 18 – 25 – – 

Li2S–P2S5 [173] Indentation ~18 – 0.23 ± 0.04 

LISICON Li10GeP2S12 [174] Sim 37 – – 

LiPON LixPOyNz [175] Nano 77 3.9 – 

NASICON 
Li1.3Al0.3Ti1.7(PO4)3 [12] Strain-stress 81 – 115 7.1 1.1 

LiTi2(PO4)3 [166] Sim 143.7 – – 

Garnet 

Li7La3Zr2O12 [14] Nano 124 – 163 9.0 – 11.8 – 

Li7La3Zr2O12 [176] Indentation – 6.8 – 9.9 0.60 – 0.82 

Li7La3Zr2O12 [13] Nano 145.6 ± 7.3 8.5 ± 0.4 0.99 ± 0.05 

Li6.24La3Zr2Al0.24O11.98 [177] RUS 149.8 ± 0.4 
 

6.3 ± 0.3  – 

Li6.19 Al0.27La3Zr2O12 [181] 
Nano 135 – 140 4.3 – 9.1  1 – 1.3 

Li6.24La3Zr2Al0.24O11.98 [179] Indentation – – 0.86 – 1.63 

Li6.17Al0.28La3Zr2O3 [182] Sim 146 – 163 – – 

Perovskite 

Li0.33La0.57TiO3 [15] RUS 186 – 200 – 0.89 – 1.34 

Li0.33La0.57TiO3 [15] Indentation 200 ± 3 9.5 ± 0.7 1 ± 0.04 

Li0.33La0.57TiO3 [180] RUS 223 – – 

Li0.33La0.57TiO3 [17] RUS 143 – 203 8.1 – 9.5 1.15 – 1.24 

Li0.5La0.5TiO3 [166] Sim 233.9 –262.5 – – 

* RUS: resonant ultrasound spectroscopy, Nano: nano-indentation, Stress-Strain: slope of stress-

strain curve, Sim: simulation.  

 

The experimental elastic modulus results can be compared with the simulation results, which 

predicts the LiTi2(PO4)3 of ~143 GPa, Li6.17Al0.28La3Zr2O3 of 146 – 163 GPa, and Li0.5La0.5TiO3 

of 234 – 263 GPa [166, 182]. Hence, simulation prediction results of LATP, LLZO and LLTO 

materials are in close agreement with experimental results and also show the same trend.  
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The hardness results of the solid electrolytes are also listed in Table 2.5. It can be seen that the 

hardness for Li1.3Al0.3Ti1.7(PO4)3 (LATP) is ~7.1 GPa, for Li7La3Zr2O12 (LLZO) it is in the range 

6.8 – 11.8 GPa and for Li0.33La0.57TiO3 (LLTO) it is 8.1 – 9.5 GPa [12-15, 17, 176]. The H value 

of LiPON, LixPOyNz material (~3.9 GPa) is lower than that of the LATP, LLZO and LLTO 

materials [175]. The hardness value of LLTO material is higher than that of the LATP material, 

whereas it’s hard to compare the hardness of LLZO with that of other two materials due to the 

big range of the reported hardness results.  Besides, the H value of Li6.19Al0.27La3Zr2O12 material 

is in the range of 4.1 – 9.1 GPa, which is lower than that of the Li7La3Zr2O12 material and effect 

that can be ascribed to compositional differences [177, 178]. Moreover, the hardness values can 

also be adopted to assess the nature of atomic bonding, which has been reported by Gilman et al. 

[183], i.e. that the ratio of the hardness to shear modulus of the crystal material gives information 

on the bonding type.  

 

As discussed above, fracture toughness is an important property for solid-state electrolytes 

representing resistance to crack growth that could occur during cell assembly or battery 

operation. The fracture toughness values are also shown in Table 2.5 and it can be seen that the 

LATP, LLZO and LLTO materials possess a similar KIC value, being close to ~1 MPa∙m1/2 [12, 

13, 15, 17, 176, 178, 179], whereas the Sulfide Li2S–P2S5 material reveals an obviously lower 

KIC value [173]. Generally, ceramic materials exhibit fracture toughness values from ~0.3 to 5 

MPa∙m1/2, whereas metals exhibit much higher fracture toughness values in the range of ~20 to 

100 MPa∙m1/2 [159, 184]. The KIC value for LATP, LLZO and LLTO materials are quite low for 

ceramic materials, which suggest these three ceramic electrolyte materials are rather brittle.  

 

Jackman et al. reported on the Weibull statistics parameters of LATP with different grain 

sizes, where the strength varied from 30 to 130 MPa, and Weibull modulus was in the range of 5 

– 12 [12]. The biaxial fracture strength of the LATP material was investigated by Cutler et al. 

[185], indicating that, with exposure to different solutions, the strength varied from 144 MPa 

measured in air to 191 MPa measured in mineral oil. The Weibull statistics of LLTO materials 

were assessed by Schell et al. [17], yielding that the characteristic fracture strength was 146 – 

158 MPa and Weibull modulus was 7 – 15.9, where the variation in the properties was explained 

by different microstructural aspects. Nevertheless, Weibull statistics investigations on LLZO 
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materials are limited, where it should be considered that they depend on individual production 

processes due to respective influences on defect distributions.  

 

Although the awareness on the importance of the mechanical characterization and 

characteristics of the ceramic electrolytes is improving, compared to the electro-chemical 

characteristics a comprehension of the mechanical properties on these materials is still limited 

especially being inadequate to warrant long-term reliability. Hence, the aim of the current work 

is to study mechanical features and microstructure relationships of solid ceramic electrolytes, in 

particular for the three materials LATP, LLZO and LLTO, which are chosen due to the 

promising electro-chemical properties, as indicated in Table 2.2. To widen comprehension of the 

mechanical properties of LATP materials, which is newly-developed compared to the LLZO and 

LLTO materials, hot-pressed LATP materials sintered at various temperatures in the range of 

950 °C to 1100 °C were selected to investigate sintering temperature effects on the mechanical 

properties. Meanwhile LATP sintered at 1100 °C, which revealed higher elastic modulus and 

hardness than the other LATP samples, was selected to study the grain orientation effect related 

to the rhombohedral crystal structure. Since the fracture strength of pure LATP has been reported 

by Jackman et al. [12] and the performance of solid electrolyte sintered with additive of SiO2 can 

be enhanced [167, 168], tape casted Li1.5Al0.5Ti1.5(PO4)3 mixed with SiO2 (LATP:Si) was 

selected here to investigate the fracture reliability and to see if the mechanical properties can be 

improved with the SiO2 binder in a tape casting process. In addition, the fracture reliability of the 

alternative material LLZO was studied in this work to permit comparison, where elastic modulus, 

hardness and fracture toughness were not studied here since they have been reported elsewhere 

[13, 14]. As the electrolytes in all-solid-state lithium batteries are operated under cyclic voltage 

condition that are associated with chemical expansion effects, exemplified for LLTO, a material 

being close to application [15-17], voltage effects on mechanical properties were studied. The 

relation between the mechanical properties and microstructure of the materials i.e. phase 

information, grain size, porosity etc. is always discussed. 
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3. Experimental 

Within the framework of this work, several solid ceramic electrolyte materials were produced 

and made available by partners. Details on materials production and characterization are given in 

the following.  

 

3.1 Materials production 

Li1+xAlxTi2-x(PO4)3 (LATP) samples sintered at different temperatures were produced by IEK-

9, Forschungszentrum Jülich. Li1.5Al0.5Ti1.5(PO4)3 mixed with SiO2 and Li7La3Zr2O12 (LLZO) 

samples were synthesized in IEK-1, Forschungszentrum Jülich. Details on the processing of 

these materials are given in the following subsections. Li0.350La0.557TiO3 (LLTO) disks were 

sintered via a traditional solid reaction method at University of Science and Technology Beijing 

(USTB), China. 

 

3.1.1 Li1+xAlxTi2-x(PO4)3 (LATP) 

The production of the material followed the procedures outlined in [186]. Firstly, the LATP 

powder was prepared by a conventional sol-gel synthesis method. As a typical synthesis, a 

gelatinous white precipitate was produced by 25 ml of Ti(OC3H8)4 mixed with 50 ml NH4OH 

(Aldrich, 30% solution). Deionized water was used to wash the precipitate to remove the excess 

base and then the precipitate was stored in 100 ml of deionized water. 200 ml of 1 M oxalic acid 

(Aldrich, 99.9%) were added to produce a clear solution of H2[TiO(C2O4)2]. Then stoichiometric 

Al(NO3)3∙9H2O (Aldrich, 99.9%), (NH4)2HPO4 (Aldrich, 98%) and 5% excess LiCOOCH3∙2H2O 

(Aldrich, 98%) were mixed into the clear solution under stirring. The mixed solution was heated 

up to 80 °C on a hot plate to evaporate the water, then a white precipitate of mixed precursors 

was acquired to be used in the subsequent annealing process. A pre-annealing was conducted for 

the mixture in air at 850 °C for 5 h. After the pre-annealing, the LATP powders were grinded and 

put into a cylinder pressing mold with the diameter of 11 mm for uniaxial die, applying a 

pressing force of 40 kN. Afterwards the obtained cylindrical shaped LATP pellets were pressed 

isostatically at 1425 kN for 10 s and then sintered at various temperatures in the range of 950 °C 
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to 1100 °C with 50 K steps. The LATP sintered at different temperatures are named as LATP 

950 °C, LATP 1000 °C, LATP 1050 °C and LATP 1100 °C. 

 

3.1.2 Li1.5Al0.5Ti1.5(PO4)3 mixed with SiO2 (LATP:Si) 

The LATP (Li1.5Al0.5Ti1.5(PO4)3) powders were prepared by a solution assisted solid state 

reaction described elsewhere [187]. The LATP powder was calcined at 750 °C. After calcination 

the powder, it was ball-milled in ethanol with ZrO2-balls for 24 h, then dried at 80 °C for another 

24 h and mortared to yield fine powders. For tape casting method the LATP powder was 

dispersed in a mixture of ethanol, methylethylketone, polyvinylbutyral (Butvar B-98), Nousperse 

FX9086 (Elementis Specialties), Polyethylene glycol (PEG400) and Solusolv S-2075 (Solutia 

Inc.). The SiO2 (amorphous, nanopowder, ALFA Aesar) was added to the mixture. The 

homogenized dispersion was then de-aired at 20 kPa for 10 minutes and then cast using a “tape-

caster” with a slit height of 150 – 400 µm with a drawing speed of 3 mm/s. The cast film was 

dried and cut into circular discs that were sintered in air at temperatures of 850 – 1000 °C for 1 h 

yielding 50 – 150 µm thick sheets.  

 

3.1.3 Li7La3Zr2O12 (LLZO) 

The lithium lanthanum zirconate Li7La3Zr2O12 with 2 mol% Al doping, 40 mol% Ta doping 

(LLZO) powders was synthesized via a three step solid-state reaction in argon atmosphere. The 

raw materials were prepared from LiOH∙H2O (98%; Merck), La2O3 (99.9%, dried at 900 °C, 10 

h; Merck), ZrO2 (99.5%, Treibacher), Al2O3 (99.9%, Inframat) and Ta2O5 (99.5%, Inframat). Via 

grinding in a mortar (Retsch RM 200) for 1 h and pressed with a uniaxial press into pellets, the 

mixtures were homogenized. A subsequent calcination at 1000 °C for 20 h in argon was done. 

After calcination the pellets were transferred into an argon glove box to avoid the oxidation and 

ground into fine powders. For final sintering, about 6 g of calcined LLZO powders were selected 

and uniaxial pressed with 115 MPa in a 13 mm die to a pellet (diameter ca. 12 mm). The pellets 

were sintered at 1200 °C in air for 8 h. The resulting dense pellets were cut into slices of 1 mm 

thickness for the subsequent investigations. 
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3.1.4 Li0.350La0.557TiO3 (LLTO) 

Li0.350La0.557TiO3 disks were produced on the basis of synthesizing by traditional solid reaction 

methods. Reagents of La2O3 (99.99%), Li2CO3 (99.9%) and TiO2 (99.9%) were selected as raw 

materials. The raw materials were mixed with the ratio of molar composition in an agate jar for 6 

hours (h) with ethanol as the milling agent, and after drying the mixed powder was calcined at 

1100 °C for 8 h in air. The calcined powder was ball-milled again in the agate jar, and then the 

fine calcined powder was uniaxially pressed into disks (diameter: ~10 mm, thickness: ~1.2 mm) 

under a pressure of 180 MPa. The disks were sintered at 1200 °C for 10 h in the air with a 

heating rate of 3 K min-1 and a cooling rate of 10 K min-1. 

 

The Li0.350La0.557TiO3 disks were polished and assembled into a half-cell with a Swagelok 

mould. The Li0.350La0.557TiO3 disk was used as cathode and Li metal was applied as anode in the 

cell. The electrolyte was 1 M LiPF6 dissolved into a mixture of ethylene carbonate EC/DMC 

(1:1, v/v). The voltage of the as-prepared disks was 3.2 V, which was named as LLTO-3.2V. 

Other disks were charged (or discharged) to 4.5 V, 4.0 V and 0.2 V, and correspondingly the 

disks were named as LLTO-4.5V, LLTO-4.0V, and LLTO-0.2V, respectively. The disks were 

charged (or discharged) at a constant voltage (LANDCT2001A, Jinnuo Wuhan, Hubei, China) 

until the current was less than 2 μA. The disks were not re-polished after charging process prior 

to measurement. 

 

3.2 Materials characterization 

3.2.1 X-ray diffraction  

X-ray diffraction (XRD) is a widely used non-destructive technology in materials’ structural 

analysis and phase characterization. The basic of the XRD technique is that the atoms in the 

crystalline sample cause the beam of incident X-rays to diffract into many specific directions. 

With the detected intensities and angles of those diffracted beams the density of electrons inside 

the crystal can be determined, from which, the crystal information like mean position of atom, 

chemical bonds, disorder and other information can be obtained. The working principle of XRD 

is based on the Bragg’s law, which yields the following equation: 
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𝑛 ∙ 𝜆 = 2 ∙ 𝑑 ∙ sin𝜃                                                   (3.1) 

 

where the d is the distance between the neighbored atomic layers, θ the reflection angle, n one 

integer number and λ represents the X-ray wave length. The Bragg’s law means that, for a fixed 

X-ray wave length λ, the reflection angle θ will only occur for a crystal with a specific inter-

planar distance d.  

 

The X-ray diffraction (XRD) structural analysis and phase characterization was based in the 

current work on a Bruker 4 Endeavour spectrometer equipped with a 1D detector LYNXEY and 

a DIFFRACplus BASIC package 2009 using Cu-Kα radiation. All samples were characterized at 

room temperature. For LATP material the rhombohedral structure (PDF#42-7621 

Li1.2Al0.2Ti1.8(PO4)3) was referred and the scanning range was 10° to 130° with the step of Δ2θ = 

0.02° and 2 s. All diffraction peaks of the LLTO-3.2V, LLTO-4.0V and LLTO-4.5V samples are 

indexed to the cubic structure (PDF#46-0465 Li0.35La0.55TiO3), and the scanning range was 10° 

to 90° with the step of Δ2θ = 0.02° and 2 s. The synthesized LLZO powders were analyzed in a 

2θ range of 10° to 100° with a Δ2θ = 0.02° and 2 s per step with a reference of Li7La3Zr2O12 

(PDF#99-0034). Analysis of the secondary phase of the samples was also based on the XRD 

tests. 

 

3.2.2 Scanning electron microscopy and electron backscatter diffraction 

Scanning electron microscopy (SEM) is an analysis method that derives the sample surface 

microstructure and topographies by scanning the sample surface with a focused high energy 

electron beam. The focused electron beam interacts with the atoms inside the sample, which 

emits several kinds of signals that can be deconvoluted into information of the sample surface’s 

topography, composition and other properties [188]. High vacuum is applied in conventional 

SEM to keep the electrons path clear and signals detectable. Magnetic lenses are employed to 

help focus the electron beam exactly on the sample surface. The amplified signal detected from 

the surface represents one pixel of the produced image and then the beam moves to the next 

position of the surface until the selected area is imaged. The signals generated by the interaction 

of the electron beam and the sample include secondary electrons, back-scattered electrons, 
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characteristic X-rays, Auger electrons and light, as shown in Fig 3.1. In all SEM rigs, the 

secondary electron imaging can bring the sample surface details less than 1 nm in size, whereas 

the detectors for other signals depend on the manufacturer of the SEM.  

 

 

Figure 3.1 Interpretation of the signals produced by the interaction between the electron beam 

and the sample and the regions from which the signals can be detected [188]. 

 

Electron backscatter diffraction (EBSD), when integrated with a SEM as an additional part, 

permits the characterization of the individual grain orientation, texture, phase identification and 

distribution on the surface of the polycrystalline sample. The observation of a diffraction pattern 

in backscattering mode was already reported by Nishikawa and Kikuchi and discussed together 

with the transmission electron microscopy Kikuchi patterns [189]. After decades of developing 

on this technique, EBSD has been a mature alternative to the X-ray pole figure measurements in 

quantitative texture analysis. Nevertheless, limitations for EBSD still exists for instance the 

sample must be compatible with the requirements of electron microscopy, for example the grain 

size should be larger than dozens of nanometers.  

 

An automated EBSD rig contains three main parts: SEM, camera and the software. For the 

sake of the better acquisition of the pattern signal, the sample surface tilts around 70° with 

respect to the incident beam and the emitted back-scattered electrons project to a phosphor, as 

shown in Fig 3.2 [190]. In contrast to the schematic in Fig 3.2, where only one Kikuchi band is 
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illustrated, in real application normally much more of such bands have to be considered. The 

Bragg’s law can be applied again to confirm the crystal plane corresponding to the band related 

to the specific inter-planar spacing d. To fully quantify the mechanisms on formations of the 

diagnostic diffraction features in EBSD patterns, including the Kikuchi bands and the circular 

Kikuchi tracks around zone axes, the electron diffraction dynamical theory should be employed 

[191]. The observed bands can then be sorted with respect to the intensities and widths. Indexing 

process is based on the comparison of the inter-planar angle and inter-planar spacing (which 

represent angle between Kikuchi bands and band width, respectively), with theoretical values of 

the known actual crystal structure. Commonly, for high crystal symmetry case 5 to 10 smallest 

and most intense bands are passed to the indexing routine and consideration of 3 to 4 {hkl} 

families are sufficient to solve the backscattered Kikuchi pattern, whereas for lower crystal 

symmetry more bands and more families need to be checked and considered. The reference 

coordinates of the specimen (normal direction and transverse direction) are finally indexed, and 

four different ways are used to describe the crystallographic: miller notion: (hkl)[uvw], rotation 

matrix: g, Euler angle: (φ1, Φ, φ2), and angle and axis pair: θ [r1, r2, r3]. In this work the miller 

notion and Euler angle are often used. To observe the surface and cross-sectional surface of the 

sample, indentation and crack propagations, as well as the grain orientation of the LATP sample, 

a SEM integrated with an EBSD (Zeiss SUPRA 50VP) in IEK-2 was used. 

 

 

Figure 3.2 Schematic of the intense electrons’ cone regarding to the specimen, reflecting plane 

and phosphor screen [190]. 
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3.2.3 Electrochemical impedance spectroscopy 

Being solid electrolytes, measurement of the ionic conductivity of the materials is quite 

important for the real application. Though the samples were prepared by different institutes, 

where also the impedance was characterized, the working principle for Electrochemical 

Impedance Spectroscopy (EIS) is the same. The top and bottom sides of samples needed to be 

polished with up to 1200 grid sandpaper to flatten surface and remove the potential 

contamination. Thin Au layers were sputtered on both surfaces as blocking electrodes providing 

also a good contact to the pellets. The impedance was measured with a potentiostat with built-in 

frequency response analyzer. As for calculating the ionic conductivity, the following equation 

was used:  

 

𝜏୧୭୬୧ୡ ୡ୭୬ୢ୳ୡ୲୧୴୧୲୷ =
௧

ோ್∙
                                                             (3.2) 

 

where Rb is the bulk electrolyte resistance as determined from the impedance analysis, t the 

thickness of the electrolyte, and A the contact area of the interfaces between the electrolyte and 

the blocking electrodes. 

 

For LATP sintered at IEK-9 the impedance was measured with a potentiostat (Bio-Logic, SP-

300), of which the measurements were conducted from 7 MHz to 1 Hz with peak–to–peak 

voltage amplitude of 10 mV. To gain the impedance of LLTO from USTB an impedance 

analyzer (Agilent 4294A, Agilent Technologies, Santa Clara, CA, USA) was used in the 

frequency range from 4 to 105 Hz with an amplitude of 10 mV. The ionic conductivity of 

LATP:Si and LLZO from IEK-1 was evaluated by an “Alpha A High Performance Frequency 

Analyzer” (Novocontrol Technologies) with the range of range of 1 Hz to 20 MHz and an 

electrical amplitude of 20 mV.  

 

3.2.4 Porosity measurement  

For ceramic materials the porosity has a significant influence on the mechanical properties. 

The conventional Archimedes’ method was applied to assess the relative density of all materials. 

In order to investigate the porosity effect corresponding to sintering temperature on the 
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mechanical properties of LATP samples, one geometric method and one image analysis method 

were employed to verify the Archimedes’ method’s porosity result.  

 

In case of the Archimedes’ principle the immersion of sample into the fluid led to the volume 

change of the fluid and the lifting force change due to the buoyancy. Take the density of the fluid 

into consideration the density of the sample could be obtained. Combined with the theoretical 

density of the material the relative porosity of the sample could be calculated. In this work the 

Archimedes’ density was tested in water.  

 

The second method was based on defining the bulk density from the mass and geometry 

volume when the sample was manufactured into a regular appearance. Both the mass and the 

geometric size were evaluated at least 5 times to gain a credible value. Then the relative density 

was calculated as the ratio of the bulk density divided to the theoretical density of measured 

samples.  

 

In the third method the relative density was terminated by the porosity volume percent via 

image analysis with the commercial software of AnalySIS pro (Olympus Soft Imaging Solutions 

GmbH). The principle of the image analysis for porosity calculation is to set a threshold for a 

selected SEM image of the sample to distinguish the pores from the material due to high contrast. 

Then converting the image to a binary pixel image according to the threshold, the porosity could 

be calculated as the ratio of the area of the district above the threshold to the whole area. 

Furthermore, the grain size of the samples could also be determined with the software. The mean 

value of grain size was defined by probing the amount of the intercepts generated by test lines 

and circles across grain boundary traces in the chosen images [192].  

 

3.3 Mechanical characterization 

3.3.1 Indentation test  

The indentation test can be used for evaluation of the mechanical properties of elastic 

modulus, hardness and fracture toughness of a material [193]. The nanoindentation technology 

was firstly developed in the mid-1970s to measure the hardness of the materials with small 
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volume [194]. The calculation of elastic modulus (E) and hardness (H) can be based on the well-

known Oliver & Pharr procedure [128]. A typical load-displacement curve for an indentation is 

shown in Fig. 3.3.  

 

 

Figure 3.3 Schematic of the load-displacement curve for typical indentation test, in which the S 

is the contact stiffness. 

 

The slope of curve upon unloading, dF/dh, is indicative of the stiffness S as indicated in Fig. 

3.3. The stiffness normally contains the contributions from both the response of the test machine 

itself and the tested material. With the stiffness and the contact area A the reduced elastic 

modulus Er can be calculated based on the following equation [128]:  
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                                                             (3.3) 

 

As the stiffness contains the contribution from the test rig, which means the elastic 

deformation of the indenter is also included, the specimen’s elastic modulus can be calculated 

using the relation: 
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where Ei and νi are the elastic modulus and Poisson’s ratio of the indenter tip, respectively, νs the 

Poisson’s ratio of the sample. In this work, the Poisson’s ratio, νi = 0.07, and Young’s modulus, 

Ei = 1141 GPa, of the diamond indenter tip were adopted [131].  

 

The indentation hardness of the sample can be calculated, as expressed by the following 

equation, as the ratio of the maximum load to the residual indentation area Ar, which is related to 

the diagonal of the imprint after indentation [135]. For each load 20 indentations were employed. 

 

𝐻 =
ೌೣ

ೝ
                                                             (3.5) 

 

Fracture toughness (KIC) is a property describing the resistance of the material to fracture. A 

conventional Vickers indentation method [152] was applied here to assess the local fracture 

performance of the sample. In Fig. 3.4 the crack modes induced by the indentation are illustrated, 

in which the left one is the median crack mode and the right one is the Palmqvist crack mode. 

AnalySIS pro software was used to measure the diagonal of the imprints and the length of the 

induced cracks . 

 

 

Figure 3.4 Principle scheme of the indentation crack modes [195]. 

 

The criterion for determining the median crack mode is that the ratio of ratio of the measured 

length of cracks (l) to half of the diagonal (a) matched with the relation c/a ≥ 2.25 (as verified by 
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the experimental data, where c = a + l) [119]. The fracture toughness of the material under 

median crack mode can be derived from the empirical equation [137]: 

 

𝐾ூ = 0.016 ቀ
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where the E and H are the elastic modulus and hardness of the material, respectively, P is the 

indentation load and c the crack length.  

 

Before the indentation test, all the samples were embedded in water free resin and again 

polished to remove the potentially contaminated as-sintered surface and make the surface 

smooth. Specimens were polished with sandpaper from 400 to 5000 grit and using polishing 

suspensions of water-free Polyethylene Glycol (PEG) mixed with 0.2 μm SiO2. Using a 

polishing system without water permitted to protect the samples from proton/lithium transaction 

as a result of absorbed water, hence the mechanical properties were not affected by moisture. 

 

Two nanoindentation machines were applied to gain the elastic modulus and hardness of the 

materials in different load ranges. To ensure the data validity standard materials (fused silica and 

BK-7 glass) were used to calibrate tip and machine compliance [196, 197]. A Fischerscope 

H100C (Helmut Fischer KG, Sindelfingen) with a Vickers tip was adopted in this work to carry 

out the indentations at room temperature on all samples. Various loads (30, 50, 100, 300, 500 

mN) were applied to obtain the E and H. At each load 20 indentations were performed to get a 

representative average and standard deviation. Hold period and acquisition rate during the tests 

were 1 s and 10 Hz, respectively.  

 

To investigate the orientation effect on the mechanical properties a NanoTest Xtreme test 

setup from Micro Materials® with a diamond Berkovich tip was utilized in the work and the 

derived data were then combined with the EBSD results. A depth control mode was chosen 

instead of a load control mode to avoid localized large damage of the specimen due to large 

imprints, since imprints on the pores can be very large and interacted with neighboring 

indentations. The holding time at maximum load of 300 nm and rate of acquisition during the 

indentations were 10 s and 20 Hz, respectively. The indentation tests were carried out on a 
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surface area which was first characterized by EBSD. Due to the test limitation of the machine 

(maximum 400 impressions per test set), two individual areas were chosen to conduct the 

indentation mapping. The distance between the imprints was fixed to 5 μm in order to avoid 

interaction of the stress field of neighboring impressions. When establishing the dependence of 

indentation results on grain orientation, only indents which were inside the gains were taken into 

consideration. Indentations which were close to a grain boundary or located within a distance of 

5 μm to pores were ignored to rule out associated effects that might lead to additional 

complexities in the correlation of mechanical data. 

 

The fracture toughness assessment was conducted on an indentation rig (Micromet, Buehler 

LTD.) equipped with a diamond Vickers indenter. Loads of 0.5 N, 1 N, 3 N, 5 N and 10 N were 

applied to induce the cracks on the samples surface with sufficient crack length for the 

calculation. For each load 10 indentations were employed.  

 

3.3.2 Bending tests  

For brittle materials biaxial strength testing methods have been used for many years. 

Compared to the uniaxial testing, the biaxial testing has advantages like easy preparation of 

sample, typical availability of thin sheet material and testing the sample surface without the 

effect from edge defects [198]. The biaxial bending test is also an often used experiment to 

determine the global elastic modulus, fracture strength, reliability of the investigated materials. 

Moreover, combined with the stress rate, i.e., the loading rate of the test rig, the sensitivity to the 

subcritical crack growth can be investigated. A series of biaxial test methods have been 

developed [199]. Due to the boundary condition related to the sample size, the ball-on-three-ball 

(B3B) test and the ring-on-ring (ROR) test were employed in this work to test LATP:Si and 

LLZO material, respectively.  

 

As the fracture reliability of the pure LATP material has been reported in the literature [12], 

and the B3B test is preferred for thin samples, the biaxial bending strength of LATP:Si pellets 

was investigated via the B3B test. In the B3B measurement, a rectangular plate (or a disc) is 

symmetrically supported by three balls at one plane and loaded by a fourth ball in the center of 

the opposite plane. The schematic experimental setup is illustrated in Fig 3.5 (a) and the details 
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of the relative position of the balls and the exampled disc sample can be seen in Fig 3.5 (b) [200]. 

The loading ball is in the same size of the supporting ball; where the supporting balls beneath the 

sample touch each other with a circle of radius Ra. Taking the thickness of the sample (t) into 

consideration, the radius of the circle (Ra) and sample (R) should be satisfied with the following 

relation: Ra/R in the range of 0.55 – 0.9 and t/R in the range of 0.05 – 0.6 [201], conditions that 

are satisfied in the current work.  

 

More details about the test can be found elsewhere [200, 201]. In present case all four balls 

had a diameter of 5 mm and 13 specimens were cut into rectangular plate with size of 6.6 × 7.1 × 

0.2 mm3 for the test. A pre-load of 1 N was applied to hold the specimen between the four balls. 

Then the tests were conducted under displacement control at a rate of 0.01 mm/min and at room 

temperature, using a universal testing machine (Zwick Z010, Zwick/Roell, Ulm, Germany) with 

a load cell of 200 N. The load was increased until fracture occurred and the fracture load was 

used to calculate the maximum tensile biaxial stress in the specimen at the moment of fracture, 

see [200, 201].  

 

Figure 3.5 In (a): the experimental setup for ball-on-three-ball test, (b): isometric view of the 

relative positions of the sample to the balls [200]. 

 

According to the B3B test method [202], the maximum stress in the sample can be defined as 

the following equation:  

(a) (b) 
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where F is the force, t the thickness of the sample and 𝜗 is the sample’s Poisson’s ratio. The 

dimensionless function f is approximated by:  
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where the parameters 𝑐 to 𝑐 are related to the Poisson’s ratio as seen in Table 3.1.  

 

Table 3.1 Dimensionless coefficient ci used in Equation 3.8 at varied Poisson’s ratios [202]. 

 𝜗 = 0.2 𝜗 = 0.25 𝜗 = 0.3 𝜗 = 0.35 

𝑐 -12.354 -14.671 -17.346 -20.859 

𝑐ଵ 15.549 17.988 20.774 24.403 

𝑐ଶ 489.2 567.22 622.62 716.41 

𝑐ଷ -78.707 -80.945 -76.879 -76.16 

𝑐ସ 52.216 53.486 50.383 49.615 

𝑐ହ 36.554 36.01 33.736 32.555 

𝑐 0.082 0.0709 0.0613 0.0523 

 

The global elastic modulus, fracture strength and reliability of LLZO material was evaluated 

by a ROR testing method. The experiments were performed using an electromechanical machine 

(INSTRON 1362) with a ±1000 N load cell (Lebow) and the displacement during the test was 

measured with the aid of a ceramic extension rod joined to a linear variable differential 

transformer (Solartron Metrology). The elastic modulus and maximum stress were be obtained as 

outlined in ASTM C1239-07 [203]. Schematic of the experimental setup and the working 

principle is shown in Fig. 3.6. 
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Figure 3.6 The ring-on-ring bending test set-up in IEK-2. 

 

Table 3.2 Details of the ROR test on LLZO samples. 

Sample Loading Rate (N/min) Number of Samples 

LLZO 

1 10 

10 11 

100 8 

 

Tests were conducted at room temperature; the diameter of loading ring and supporting ring 

were 6.998 mm and 14.925 mm, respectively. More detailed descriptions of the procedures can 

be found in [204]. The number of samples and test conditions are given in Table 3.1. Following 

to the standard [205], the global elastic modulus is derived from the linear part of the load 

displacement curve (since unevenness of the specimen can result in a non-linearity at low loads): 
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మ
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మ

భ
ቁ

ଶ
൨                (3.9) 

 

where ∆𝐹 is the force difference and 𝛥𝑓 the corresponding displacement change of the linear part, 

𝑣 the LLZO’s Poisson’s ratio, t the specimens‘ thickness, r1, r2 and r3 are the radii of loading 

ring, supporting ring and specimen, respectively. 
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The maximum stress is constant within the tensile loaded surface inscribed by the loading 

ring, i.e.: 

 

𝜎 =
ଷ(ଵାఔ)ி

ଶగ∙௧మ
∙ ቂln ቀ

మ

భ
ቁ + ቀ

ଵିఔ

ଵାఔ
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మ
మିభ

మ

ଶయ
మ ቁቃ                                      (3.10) 

 

Ff is the fracture load. 

 

Furthermore, in order to observe the fracture surfaces of the LATP:Si and LLZO samples a 

SEM or a confocal laser scanning microscope (CSLM: Keyence, VHX-5000) was used.  

 

To characterize the reliability of the ceramic materials, the probability of failure Pf of the 

ceramic materials is analyzed using a two parameter Weibull statistics [155]: 

 

𝑃 = 1 − exp ቂ− ቀ
ఙ

ఙబ
ቁ



ቃ                                                        (3.11) 

 

In the equations, 0 is the characteristic strength, i.e. the stress for which the survival 

probability is 0.37; m is the Weibull modulus, which tells how rapidly the stress changes with 

probability, i.e. the variability of the fracture stresses.  

 

3.3.3 Subcritical crack growth and lifetime prediction 

As indicated in section 3.3.2, the subcritical crack growth of a material can be detected by 

correlating fracture stress to stress rate. The sensitivity regarding subcritical crack growth (SCG) 

was assessed in the current work using individual fracture stress data. The following equation 

was used to describe the correlation of fracture stresses and stress rate [155]: 

 

log 𝜎 =  
ଵ

ାଵ
log�̇� + log𝐷                                                   (3.12) 

 

where D is a constant and n the SCG exponent. Since the slope deviation can’t be related directly 

to the uncertainty of n, linear regression was performed for the logarithm of the fracture stress as 
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a function of the stress rate, and the highest and lowest n for SCG (best and worst case) were 

calculated via slope deviation together with slope uncertain (lower boundary and upper 

boundary), respectively [155]. 

 

An investigation of the subcritical crack growth sensitivity can be used to estimate the 

lifetime of brittle materials. Hence, failure probability along with time dependence and stress can 

be used to obtain a stress-probability-time (SPT) diagram [159]. Therefore, lifetime of the 

material under a static load can be forecasted, after the fracture stress generated via a dynamic 

load is transferred to the equivalent stress that causes breakage under static loading conditions. 

The equivalent stress under which failure will occur in 1 s (probability of ~ 63%, can be obtained 

from the characteristic strength using the equation [159, 160]:  

 

𝜎ଵ௦ = 𝜎 ቀ
ఙబ

ఙ̇(ାଵ)
ቁ

ଵ
ൗ

                                                       (3.13) 

 

where 𝜎 is the characteristic strength for a specific stress rate �̇�. To obtain the characteristic 

strength for different times, the following equation can be used: 
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ቁ

ଵ
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                                                          (3.14) 

 

here 𝜎  is the characteristic strength for a time 𝑡 (i = 1, 2). 

 

To analyze the uncertainty of the lifetime prediction the errors in every procedure need to be 

considered. In this case, for straightforward lifetime prediction, the fracture stress from Weibull 

distribution with 95% confidence interval is introduced into the equation for SCG exponent, 

considering the best and worst case scenarios. The lifetime prediction was only done for the 

LLZO but not for LATP materials due to the material availability, i.e. the SCG and SPT analysis 

require a large amount of specimens.  
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3.3.4 Theoretical prediction of E and H (Vlassak-Nix model and Easy-slip 

model) 

In order to investigate non-experimentally potential anisotropies in the mechanical properties 

of LATP, two theoretical models are adopted as a basis for later comparison with experimental 

results. These models permit prediction of modulus and hardness, respectively. The Vlassak-Nix 

model [164, 206] is used here to calculate the anisotropic elastic modulus related to the elastic 

constants of LATP single crystal, since this model has been successfully applied in predicting the 

elastic modulus of sapphire material, especially for the basal plane as well as in other two planes. 

Results matched with those reported in [207]. The ‘easy-slip’ model [208] is adopted to simulate 

the anisotropic hardness variation of LATP material related to the slip system. It was first 

introduced by the Csanadi et al. to calculate the hardness - orientation dependency of WC 

material and the analytical calculated results fitted very well with experimental results in [209].  

 

The Vlassak-Nix model assumes that a rigid tip penetrates into an anisotropic elastic plane of 

a solid [164, 206]. In this model the Green’s function for calculating the vertical displacement of 

the surface at a point load is adopted. A Rayleigh-Ritz approximation is applied to establish a 

force function which can form an elliptical contact area based on Green’s function, with the 

assumption that the Laplacian operator in two-dimension of the surface is positive for the 

maximum displacement in the contact area and negative for the max displacement in the 

unloaded area. Another assumption is that a conical rigid indenter was introduced to maintain the 

same orientation and eccentricity of the contact zone for varied displacement. In order to 

simplify the model further, the contact area is set into a circular area, which leads to the 

calculation of the indentation modulus M as shown in equation (3.15). The h0 here is the first 

item in the Fourier series representation of function h(θ) related to θ, which is demonstrated in 

equation (3.16). Here θ is the angle represented direction variation of point load in a specific 

surface ranged in [0, π]. The αi is the direction cosines of the angle between the load direction 

and the crystal coordinate system axes. Equation (3.17) and equation (3.18) are the expansion 

form of Barnett function 𝐵
ିଵ  in equation (3.16) and that of (ab)  in equation (3.17), 

respectively. In equation (3.17) one right-hand Cartesian coordinate (mሬሬሬ⃗ , nሬ⃗ , t⃗) is built where the t⃗ 

axis was vertical to the load direction, in which φ is the angle between the vector mሬሬሬ⃗  and one 
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fixed vector in the (mሬሬሬ⃗ , nሬ⃗ ) plane. The Cijkm in equation (3.18) contains the elastic parameters of 

the anisotropic material based on the elastic constants of the material. The transition of the 

parameter Cijkm from the elastic constants Cpq follows the regulation: the tensors ij (or km) 

reflected to the tensor p (or q) with the relation of 11 → 1, 22 → 2, 33 → 3, 23 and 32 → 4, 13 

and 31 → 5, 21 and 12 → 6.  
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                           (3.19) 

 

By now, there’s no elastic constants results reported for the Li1+xAlxTi2-x(PO4)3 material. Since 

the structure of Li1+xAlxTi2-x(PO4)3 material is the same as that of LiTi2(PO4)3 and the 

substitution of Al3+ into the lattice structure yields no obvious contribution to the lattice 

parameter compared with that of a*=b*=0.8535 nm, c*=2.0883 nm as reported in [210]. The 

elastic constants of LiTi2(PO4)3 with the unit GPa as given in Equation (3.19), which were 

calculated via ab initio method by Deng et al. [166], are employed in the Vlassak-Nix model. 

Taking the symmetry of hexagonal structure into consideration, as illustrated in Fig. 1 in the 

Vlassak-Nix model, the angle Φ from basal plane to the perpendicular direction with 1° per step, 

and some specific angles of φ2 in the basal plane are adopted to calculate the orientation 

dependency of the indentation modulus.  

 

The “easy-slip” model, on the other side, which is adopted here to predict the hardness 

variation related to the orientation of the anisotropic material, is based on one principal 

hypothesis that the stress distribution is confined in the indentation area which is uniformed, i.e., 

the stress component surrounding the indenter is compressive and vertical to the indenter profile 
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[208, 209]. This model contains several assumptions and a schematic is shown in Fig. 3.7 (a) as 

expressed in equation (3.20). First is that the conical rigid indenter with a semi-angle γ of 65° is 

introduced into the model to simplify the calculation and also reaches a consensus with the 

Vlassak-Nix model. Additionally, friction during indentation is not considered. The second 

assumption is that just one dislocation slip is considered as the plastic deformation fraction is 

small. The slip can only occur when the shear stress reaches a critical value for a specific 

direction, which results in the name of “easy-slip”. Here the Schmidt factor for calculating the 

normal stress, as illustrated in Fig. 3.7 (b), is introduced in equation (3.21), assuming that the 

critical resolved shear stress is a constant, and the calculation of normal stress follows equation 

(3.22). 

 

The third assumption is about the slip systems of the LATP material, which is different in this 

work compared to that of  WC reported in the Csanadi et al.’s work [208]. To the best of our 

knowledge, no investigations have been reported on the slip systems of the LATP or LTP 

materials. For the materials with R 3ത c crystal system like LATP, two kinds of crystal 

deformations can come up simultaneously, which are slipping and twinning [211, 212]. It has 

been confirmed that for the rhombohedral crystal structure with computed hexagonal lattice 

parameter ratio of c*/ a* > 1.633, the slide systems are {0001} <112ത0> in basal plane and 

{112ത0} <11ത00> in prismatic planes, whereas the slip in pyramidal plane is out of consideration 

since this type of slip can be unidirectional [213, 214].  

 

Thus, in total 6 slip systems are considered in the easy slip model with 𝑛పሬሬሬ⃗  as the normal vector 

for the slip plane and vనሬሬሬሬ⃗  as the slip direction vector as illustrated in Fig. 3.7 (c): 𝑛ሬሬሬሬ⃗  = (0001): vଵሬሬሬሬሬሬ⃗  

= [112തത0], vଶሬሬሬሬሬሬ⃗  = [21ത1ത0], vଷሬሬሬሬሬሬ⃗  = [1ത21ത0], 𝑛ଵሬሬሬሬ⃗ == (112ത0): vଵଵሬሬሬሬሬ⃗  = [11ത00], 𝑛ଶሬሬሬሬ⃗  = (1ത21ത0): vଶଵሬሬሬሬሬሬ⃗  = [101ത0], 𝑛ଷሬሬሬሬ⃗  

= (21ത1ത 0): vଷଵሬሬሬሬሬሬ⃗  = [011ത0]. The vectors 𝑛పሬሬሬ⃗  and vనሬሬሬሬ⃗  should be normalized during calculation. An 

improvement of the original model is made according to [209], i.e. that the average of the 

maximum Schmid factor by the surrounding of indenter at the specific rotation angle Φ is 

considered rather than the maximum Schmid factor directly as shown in equation (3.23). With 

these entire mentioned hypotheses, the relation between hardness and the orientation of the 

LATP material can be expressed as a ratio of hardness at specific plane to hardness at prismatic 
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plane as demonstrated in equation (3.24), which is equal to the inverse ratio of the corresponding 

average maximum Schmid factor. 

 

 

Figure 3.7 A schematic of the resolved point load in (a), Schmid factor derivation for a single 

slip system in (b) and the rotated slip systems in (c). 
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4. Results and Discussion 

In this part, the results on the mechanical properties of solid electrolytes are presented and 

discussed in four separated sections. The first section focuses on Li1.3Al0.3Ti1.7(PO4)3 (LATP) 

sintered at different temperatures. The influence of sintering temperature on the LATPs’ purity, 

porosity, lattice parameter, and electrical properties is investigated and related to the mechanical 

properties in particular elastic modulus, hardness and fracture toughness.  

 

In the second section, optimized LATP samples sintered at 1100 °C, which possessed high 

elastic modulus, hardness and ionic conductivity, are selected to investigate orientational effects 

on elastic modulus and hardness via nanoindentation method combined with EBSD analysis. 

Here, the effect of rotational angle Φ from basal plane to prismatic plane and angle φ2 between 

two prismatic (101ത0) type planes is investigated. Calculations based on the Vlassak-Nix and the 

easy-slip models are adopted to verify the anisotropic mechanical properties. 

 

The third section concentrates on fracture reliability results of two kinds of electrolytes. Aim 

is here to assess the fracture reliability of Li1.5Al0.5Ti1.5(PO4)3 mixed with SiO2 (LATP:Si)and 

Li7La3Zr2O12 (LLZO), which is a composition selected regarding design and promotion towards 

practical application, in particular the optimized tape casting manufacturing [215]. As the 

fracture strength results of pure LATP have been reported by Jackman et al. [12], only the tape 

casted LATP:Si was tested to investigate to assess if the mechanical properties are affected by 

the SiO2 binder and doping. In addition, the fracture reliability of the alternative material LLZO 

was studied in this work, elastic modulus, hardness and fracture toughness were not studied here 

since they have been reported [13, 14]. Complementarily, room-temperature subcritical crack 

growth effects were evaluated on the basis of loading rate-dependency of derived fracture 

stresses in order to assess potential subcritical crack propagation issues of LLZO components. 

 

Since the electrolytes in all-solid-state lithium batteries are operating under cyclic voltage 

condition that are associated with chemical expansion effects, it is crucial to understand the 

mechanical stability of electrolytes under such conditions. Hence, in the fourth section, 
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exemplified for Li0.350La0.557TiO3 (LLTO), a material being close to application [15-17], voltage 

effects on mechanical properties were studied. 

 

Hence, overall, the goals are mechanical property characterization of the electrolytes, 

which includes effects of sintering temperature, crystal orientation, as well as the fracture 

reliability and charge state effect considering practical application relevant conditions. 

The interpretation of the derived data can aid materials’ optimization and understanding 

of degradation and operational related effects.     

  

4.1 Li1.3Al0.3Ti1.7(PO4)3: Effect of sintering temperature1 

This section presents the investigation on the LATP sintered at different temperatures (950, 

1000, 1050, 1100 °C). Impedance tests were carried out and as main focus of the work elastic 

modulus, hardness and fracture toughness of LATP samples were determined. 

 

4.1.1 Composition, microstructure and conductivity 

First, LATP samples after sintering were tested via XRD to analyze the phase structure, the 

individual specimens’ name includes the maximum sintering temperature, further details on 

specimens’ production and sintering conditions can be found in section 3.1.1. Via Rietveld 

refinement of the XRD data, the lattice parameters of the samples were obtained and are 

presented in Table 4.1. It can be seen that the LATP samples sintered at different temperatures 

are composed of the main phase LATP in rhombohedral structure and only some minor amount 

of secondary phase. With increase of the sintering temperature, the amount of the secondary 

phase also increased. The secondary phase was probably a result of  Li+ evaporation from LATP 

during high temperature sintering, since as Li+ evaporated the dopant of Al+ might exceed the 

solubility limit then the precipitate formatted [216, 217]. From the lattice parameter it can be 

seen that the a* and b* are similar for the four samples, whereas the c* parameter revealed a 

trend towards decreasing values as the sintering temperature increased. Overall, the lattice 

parameter results are consistent with those reported by Swati et al. [218], where a* =  b* = 

0.8512 nm, c* = 2.0878 nm.  
                                                 
1 Section content published: G. Yan et al.: Ceramics International (2019), 45, 14697-14703. 
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Table 4.1 Lattice parameter of as-sintered LATP pellets from Rietveld refinement. 

Samples 

Lattice parameters 

Space 

group 
a* (nm) b* (nm) c* (nm) α β γ 

Secondary 

phase 

LATP 950 °C 
R-3c 

(167) 
0.85503 0.85503 2.09859 90° 90° 120° ~ 3.8 wt% 

LATP 1000 °C 0.85526 0.85526 2.09702 90° 90° 120° ~ 7.5 wt% 

LATP 1050 °C 0.85504 0.85504 2.09777 90° 90° 120° ~ 8.9 wt% 

LATP 1100 °C  0.85523 0.85523 2.09652 90° 90° 120° ~ 13.3 wt% 

 

The microstructures of the materials sintered at different temperatures are illustrated in Fig. 

4.1. The EDS result of LATP sintered at 1100 °C is also shown in Fig. 4.1 to reveal the 

distribution of secondary phase AlPO4. All LATP samples possess a porous structure. The grain 

size of the LATP were 9.5 ± 5.2, 9.7 ± 5.1, 10.5 ± 6.0 and 12.1 ± 5.9 μm for the sintering 

temperatures of 950, 1000, 1050 and 1100 °C, respectively. Hence, the average grain size of the 

samples increased slightly with rising sintering temperature, being in good agreement with 

results reported by Duluard et al. [219]. The pores were spherical inside the grains and irregular 

at the grain boundaries. In addition, the amount of the pores inside the grains decreased as the 

sintering temperature was increased. As exemplified for the specimen sintered at 1100 °C in Fig. 

4.1(e), the elements O and P were distributed uniformly in the sample, whereas the Al-rich 

regions (no titanium) can be assigned to the AlPO4 phase, which agglomerated. The AlPO4 phase 

was present in both grain boundaries and inside grains, which is in good accordance with results 

reported by Yu et al. [186]. 
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Figure 4.1 SEM and EDX results of LATP. SEM images of LATP samples sintered at different 

temperatures: (a) 950 °C, (b) 1000 °C, (c) 1050 °C and (d) 1100 °C. (e) element mapping of 

LATP sintered at 1100 °C. 

 

Three different methods for porosity measuring were adopted and compared to acquire the 

relative density of the LATP samples, since the porosity can affect the mechanical properties of 

the materials like the elastic modulus, hardness and fracture toughness [220, 221]. Porosities of 

LATP based on Archimedes’ principle were measured in water (the data referred to [186]). The 

geometric (physical) measurement results are representative of the bulk density of the materials. 

Besides, the densities from the image analysis were obtained from the Fig. 4.1, which were 

rather dense areas of the samples. The Archimedes’ porosity is much lower than that from other 

methods since the open porosity could be fully filled in the water, while the relative density of 
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image analysis is a little bit higher than that of physical measurement, which might be attributed 

to the chosen rather dense area. It’s not the scope to analyze a lot of microstructure pictures, for 

example a detailed analysis of pore effects is presented in the work of Ying et al. [222]. 

According to the results in Table 4.2 it can be concluded that as the sintering temperature 

increased, the porosity of the samples decreased. The lower porosity of the samples at higher 

sintering temperatures was expected due to the extrusion of bubbles [223].  

 

Table 4.2 Comparison of the relative density of LATP samples for the three methods. 

Sample Archimedes’ method 
Physical 

measurement 
Image analysis 

LATP 950 °C 94.52% 85.7 ± 1.7 % 86.6 ± 0.5 % 

LATP 1000 °C 95.48% 87.2 ± 0.9 % 87.3 ± 0.3 % 

LATP 1050 °C 96.10% 87.4 ± 0.9 % 90.9 ± 0.7 % 

LATP 1100 °C 96.72% 87.9 ± 1.3 % 92.8 ± 0.6 % 

 

Regarding conductivity, since the layer thickness and the contact between the LATP and 

gold layer can influence the concentration gradients during ion transport, it was more precise to 

compare the overall conductivity of LATP samples based on a specific geometry. The ionic 

conductivity results based on an equivalent circuit obtained at 25 °C are shown in Fig. 4.2, where 

the impedance spectroscopy curves are given as inserted. As shown in the figure, the sintering 

temperature increase led to a conductivity increase from 8.69×10-5 to 1.83×10-4 S/cm, i.e. the 

specimen sintered at 1100 °C had the highest conductivity. Hence, it can be recognized that the 

sintering temperature indeed affects the conductivity, an effect that might be associated with the 

difference in porosity, morphology of grains, grain size and secondary phase content. As reported 

by Key et al. [216], higher density and larger grain size can decrease the grain boundary 

impedance, while a secondary phase (AlPO4) at the grain boundary can limit the total 

conductivity. 
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Figure 4.2 Impedance spectroscopy of LATP sintered at different temperatures. 

 

4.1.2 Mechanical properties 

The elastic moduli of the LATP samples sintered at different temperatures as a function of 

load are shown in Fig. 4.3. It can be seen that for all samples the elastic modulus decreases with 

increasing indentation load. An exponential curve was used in the current work as guide to the 

eye to emphasis that the elastic modulus decreases steadily and rather strongly in the lower load 

range and then stabilizes at higher loads. Note that, the curves are only for a guide for the eye 

and do not imply a fitting with a physical meaning. 

 

The decrease of E with load (corresponding to depth and hence increased deformed volume) 

can be related to a porosity effect, i.e. as the load increases the effectively deformed zone of the 

indentation enlarges leading then to a response of dense material and pores. At load of 30 mN, 

the elastic modulus of LATP samples sintered at different temperature was 118 ± 5, 120 ± 6, 121 

±7 and 127 ± 10 GPa, respectively, being basically representative of the property of the dense 

material.  
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Figure 4.3 Elastic modulus of LATP samples as a function of load. 

 

According to the graphical representation of the data, the elastic modulus of LATP sintered at 

950 °C was lower than all others’ and overall, the elastic modulus slightly increased as the 

sintering temperature rose. This can be ascribed to the lower porosity at higher sintering 

temperature, since the pores can decrease the elastic modulus of a material [224]. In addition, the 

smaller lattice parameter c* can also be a factor for the higher E values for higher sintering 

temperatures. It was already shown for other materials that, when the grain size was in a specific 

submicron range, the mean elastic modulus increased with a decrease of the lattice parameter 

[225, 226]. As the grain size was in the same range for all materials tested in the current work, a 

pronounced grain size is unlikely as cause of variation in elastic modulus of the LATP.   

 

For comparison, the elastic modulus of AlPO4 was around 77 GPa [227, 228], which due to its 

existence as second phase might influence the elastic modulus of LATP, especially leading to 

differences when sintered at high temperatures. However, considering the potential influence of 

the lattice parameter and secondary phase AlPO4, the experimental results indicated that the 

lattice parameter dominates leading to an increase of elastic modulus over any potential decrease 

of elastic modulus due to the secondary phase as the sintering temperature was increased (see 

also Table 4.1). 
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The hardness of the LATP sintered at different temperatures was also tested at different loads 

via the indentation method. The results are shown in Fig. 4.4. At a low load of 30 mN, the 

hardness of LATP sintered at different temperatures is 9.3 ± 0.3, 9.6 ± 0.7, 9.6 ± 0.4 and 9.8 ± 

0.8 GPa, respectively. As can be seen in Fig. 4, the hardness of LATP sintered at 950 °C is the 

lowest, whereas those of the other three samples were similar. As a guide for the eye the 

exponential curves were used to indicate that the hardness decreased continuously in the lower 

load range and then stabilized. Again these curves here are only guidance guide to the eye and 

they don’t imply any physical meaning of the fitting. 
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Figure 4.4 Hardness of LATP samples as a function of load. 

 

The decrease of this property with increasing load can also be associated with the porosity 

effect, since also the plastic zone increases at higher the loads. Overall, the hardness of materials 

is mainly controlled by four features. The first is the porosity of the material. The pores acted as 

stress concentrator and reduced the material’s strength by contracting the cross-section where the 

load was applied [229]. The porosity of the LATP samples decreases with increasing sintering 

temperature, which indicates that the hardness of the LATP should be higher at higher sintering 

temperatures, however, similar as in case of elastic modulus this should be mainly an effect at 
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higher loads. Second is the lattice parameter of the material. It was reported that the hardness of 

material can be correlated to the material’s shear and bulk modulus [230, 231]. The shear 

modulus and bulk modulus are also key parameters related to the yield strength which increases 

as the lattice parameter decreases. Thus, the smaller lattice parameter c* can be a factor for the 

higher H values for LATP sintered in higher temperature, especially at lower loads where a 

pronounced effect of the pores cannot be expected. Thirdly, the grain size of the samples, i.e. it 

has been reported that as the grain size increases the hardness decreased [224, 232]. In the 

current work, the grain size of the four samples was in a similar range. The fourth is the 

difference in the type and amount of second phase. The amount of the second phase of LATP 

increased as the sintering temperature rose. The secondary phase AlPO4 was partially distributed 

inside the grain. As reported the Mohs hardness of AlPO4 was around 6.5 [233] and the 

microhardness was 3.5 - 5.5 GPa [234], the LATP sintered in high temperature with higher 

amount of secondary phases should yield hence a lower hardness at high load due to the large 

effective zone. Although the secondary phase AlPO4 can lower the hardness, the decreasing of 

porosity and lattice parameter had contrary effects on LATP’s hardness, which resulted that at 

low load the hardness of LATP sintered at 1100 °C was the highest. Thus, increasing the density 

of the LATP during sintering can enhance the hardness, which might be a benefit for the 

application.  

 

In order to characterize the type of bonding, the ratio of the hardness to the shear modulus, G 

(G = E/2(1 + ν)), was used as a parameter. Apparently the ratio H/G of 0.1, H/G of 0.01 and H/G 

of 0.001 represent the covalent, ionic and metallic bonding, respectively [183, 235]. The 

Poisson’s ratio of 0.25 of LATP is adopted in this work [166], so the elastic modulus and 

hardness can be used for determining the dominant bonding type of LATP materials. The H/G 

value was calculated for LATP sintered at different temperatures as being 0.1. This suggested 

that the LATP samples are mainly governed by a covalent bonding type, which is in good 

agreement with that reported for LATP (~0.16) [236] and other perovskite and garnet materials 

[236], where the H/G for LLZO was ~0.11 and the H/G for LLTO was ~0.12. 

 



4. Results and Discussion 

68 
 

 

Figure 4.5 Typical SEM images of indents on LATP samples, (a), (b), (c) and (d) represent 

LATP sintered in 950, 1000, 1050 and 1100 °C, respectively. 

 

Fracture toughness was derived in the current work from the length of cracks after 

indentation. As examples Fig. 4.5 shows typical Vickers imprints after loading with 0.5 N for the 

LATP samples sintered at different temperatures. For all specimens the indentations at even 

higher load led to crushed material and no crack propagation effects could be observed. Thus the 

imprints for a load with 0.5 N were only considered in the current work. For the LATP sintered 

at 950 and 1000 °C, the cracks emanated from the corners of the indentations and got stopped at 

grain boundaries and the material was partially squeezed out in the indentation area. The 

indentations on LATP sintered at 1050 and 1100 °C left material with remaining global structure 

integrity and also some well-defined long straight cracks starting from the corners could be used 

for fracture toughness determination. Note, only regular straight cracks were considered in the 

determination of the fracture toughness, cracks that showed interaction with grain boundaries or 

that extended not in a straight line from the indentation diagonal were not considered.  
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As mentioned in the experimental part, for calculating the fracture toughness the elastic 

modulus, hardness and the diagonal length of the indentation imprint as well as the crack length 

have to be characterized. With the load of 0.5 N the indentations on the LATP 950 °C and 1000 

°C were slightly crushed, see Fig 4.5 (a) and Fig 4.5 (b). Therefore, it was not possible to provide 

fracture toughness values for the samples sintered at 950 °C and 1000 °C. Furthermore, as 

mentioned before, for the material sintered at higher temperature cracks intersecting with a grain 

boundary, see Fig. 4.5 (c), were not considered, to rule out the effect of grain boundaries.  

 

The fracture toughness values of the LATP sintered at different temperatures are given in 

Table 4.3. As mentioned, since the crack lengths of LATP sintered at lower temperatures were 

difficult to assess due to multiple secondary cracks and crack-grain boundary interactions, the 

fracture toughness was not calculated. The derived KIC values of LATP sintered at 1050 °C and 

1100 °C were 1.4 ± 0.2 and 1.6 ± 0.2 MPa∙m1/2, respectively. The ratio of crack length to 

diagonal length of the indentation (l/a) was in the range of ((3.1 - 4.4)/(2.4 - 2.8)) and ((4.1 - 

5.8)/(2.5 - 2.8)) for LATP sintered at 1050 °C and 1100 °C, respectively, verifying the validity of 

the used relationship to derive the data.  

 

Table 4.3 Fracture toughness of LATP samples sintered at different temperatures. 

Sintering 

temperature 
950 °C 1000 °C 1050 °C 1100 °C 

Fracture toughness 

(MPa·m1/2
 
)  

- - 1.4 ± 0.2 1.6 ± 0.2 

  

In order to check the effect of crack model, the equation for Palmqvist cracks [151] was also 

used, although not justified by the crack length ratio, yielding for example for the KIC of LATP 

1100 °C at 0.5 N 1.75 ± 0.3 MPa∙m1/2 which is close to the 1.6 ± 0.2 MPa∙m1/2 for the radial 

mode, hence verifying that the result is rather insensitive of the used crack mode model, and is as 

expected that in good agreement with the LATP’s and other electrolytes’ KIC results (1.1 to 1.24 

MPa∙m1/2) published [12, 17, 177]. 
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Obviously, the results verify also that the LATP materials are brittle. With application of the 

external load, brittle materials can show catastrophic failure owing to the low intrinsic fracture 

toughness (typically in cases of up to 3 MPa∙m1/2) [237].  

 

It can be seen that the fracture toughness of LATP sintered at 1100 °C is slightly higher than 

that of the one sintered at 1050 °C. Since the indentations and cracks for LATP sintered at 1050 

°C and 1100 °C are mainly located inside one grain (at least for the visible surface), the fracture 

toughness is probably not affected much by the grain size or the grain boundary. Nevertheless, a 

possible factor of the microstructure influencing the KIC could be the porosity, since pores are 

typically located inside grains. Generally, materials have a higher fracture toughness for lower 

porosities [238]. As seen from Fig. 4.1, the amount of pores inside the grains of LATP sintered 

1100 °C appears to be less than that in case of the materials sintered at 1050 °C. However, since 

pore – crack interactions were not visible after the indentation impression and porosity was 

rather low, main reason for the difference can also be related to differences in fracture energy 

that is on one side directly linked to the fracture toughness and on the other side directly linked 

to the bonding strength and hence, similar as the elastic modulus, to the lattice parameter. 

 

Elastic modulus, hardness and fracture toughness of LATP obtained in the current work can 

be compared also with data reported elsewhere and also those of some other solid electrolytes. It 

has been reported that the elastic properties of LiTi2(PO4)3 type electrolytes calculated from first 

principle is 139.0 – 152.5 GPa [166], which is in good agreement with the data reported here, but 

higher than that reported by Jackman et al. that the elastic modulus of LATP is in the range of 81 

– 115 GPa [12].  

 

Compared with the work of Jackman et al.[12], the hardness derived here is higher than that 

of LATP (7.1 ± 0.4 GPa) reported in this work. The elastic modulus and hardness difference this 

work and the work of Jackman et al.[12] can be attributed to the test method, since in Jackman et 

al.’s work the biaxial and flexural tests were adopted which means the effectively deformed zone 

was way larger than the indentation test adopted here. As shown in the above results the higher 

effectively deformed zone the lower E and H values.  
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The fracture toughness values derived here are in good agreement with the reported value of 

1.1 ± 0.3 MPa∙m1/2, considering experimental uncertainties. For the garnet-type electrolyte 

Li6.19Al0.27La3Zr2O12 with 97% density, 5 μm grain size, an elastic modulus of 150 ± 0.4 GPa has 

been reported [177]. For perovskite-type electrode Li0.33La0.57TiO12 with 99% density, 1.5-13 μm 

grain size, the reported elastic moduli were in the range of 143 to 203 GPa [17]. Hence, the 

currently tested LATP materials have a lower elastic modulus than Li6.19Al0.27La3Zr2O12 and 

Li0.33La0.57TiO12. Compared with literature, the current LATP materials possess a similar 

hardness as garnet-type electrolyte Li6.19Al0.27La3Zr2O12 with 97% density, 5 μm grain size [177] 

(9.1 ± 0.5 GPa) and perovskite-type electrode Li0.33La0.57TiO12 with 99% density, 1.5 - 13 μm 

grain size [17] (8.1 to 8.4 GPa). In current literature [17, 177], the KIC of garnet-type electrolyte 

Li6.19Al0.27La3Zr2O12 is reported to be 1.25 ± 0.32 MPa∙m1/2 and the KIC of perovskite-type 

electrode Li0.33La0.57TiO12  as 1.15 to 1.24 MPa∙m1/2 [17, 177]. This indicates that the fracture 

toughness of LATP sintered at 1100 °C is higher than that of Li6.19Al0.27La3Zr2O12 and 

Li0.33La0.57TiO12. 

 

In the present work it is shown that the conductivity at 25 °C and the mechanical properties, 

i.e. elastic modulus, hardness and fracture toughness, of LATP sintered at 1100 °C are higher 

than that for the material sintered at lower temperatures. This appears to be promising for the 

application of LATP materials since good ion-conductivity behavior and mechanical properties 

can be obtained simultaneously. Yu et al. [186] found that, to reduce the resistance of LATP 

material, the secondary phase (AlPO4) content and microstructure needed to be adjusted: less 

secondary phase, larger grain size and denser microstructure. Since the elastic modulus and 

hardness of AlPO4 are both lower than that of LATP materials, it might be speculated that 

lowering the content of AlPO4 can further improve the mechanical properties of LATP. In 

addition, porosity also influences the mechanical properties significantly, especially when 

considering the macroscopic elastic modulus and the fracture stress as global property.  

 

4.1.3 Summary 

The mechanical properties and ionic conductivity at room temperature of LATP sintered at 

different temperatures (950, 1000, 1050, 1100 °C) were characterized in this work. The grain 

sizes of the four samples were similar, whereas the amount of secondary phase and density 
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increased as sintering temperature rose. LATP sintered at 1100 °C showed the highest 

conductivity, 1.83×10-4 S/cm, compared to the others.  

 

The elastic moduli of the LATP samples were 118 ± 5, 120 ± 6, 121 ±7 and 127 ± 10 GPa, 

respectively, in dependence on increasing sintering temperatures. The hardness values of LATP 

sintered at different temperatures were 9.3 ± 0.3, 9.6 ± 0.7, 9.6 ± 0.4 and 9.8 ± 0.8 GPa, 

respectively. The higher elastic modulus at low load of LATP sintered at higher temperature was 

related to the increase of lattice parameter c*. The decreasing of the elastic modulus and 

hardness with the increasing of load was related mainly to an increasing porosity effect. The 

fracture toughness, KIC, of LATP sintered at 1050 and 1100 °C were characterized to be 1.4 ± 0.2 

and 1.6 ± 0.2 MPa∙m1/2, respectively. The value for the LATP sintered at a higher temperature 

was slightly higher probably again due to the lattice parameter. Obviously to confirm the effect 

of the porosity on the mechanical measurements assessment of the global properties via use of 

higher indentation loads or optional impulse excitation or bending tests would be an asset. 

However, main aim should be to obtain materials in the densest possible state, rendering values 

obtained at low loads rather important. This part of the work provides a basis for further 

optimization of LATP materials to gain both good mechanical properties and conductivity by 

lowering the secondary phase content and densifying the microstructure of the material. 

 

4.2 Li1.3Al0.3Ti1.7(PO4)3: Orientation effect 2  

The micro-battery, one application of the solid state batteries, requires a solid electrolyte of 

small size, which feasibly leads to an anisotropy effect of the material. The LATP sintered at 

1100 °C (in this section LATP 1100 °C is shorted as LATP) as discussed in section 4.1 is 

selected to investigate potentially anisotropic mechanical properties. The commonly used 

nanoindentation test is combined with EBSD technique to investigate the elastic modulus and 

hardness of the LATP material correlated to the crystal orientation. Vlassak-Nix model and the 

easy-slip model are adopted to theoretically predict the anisotropic mechanical properties. 

 

                                                 
2 Section content published: G Yan et al. J. Power Sources (2019), 437, 226940.  
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4.2.1 Composition, microstructure and conductivity 

The composition, microstructure and conductivity of the LATP characterized in the current 

section are the same as that of the LATP 1100 °C reported in section 4.1.1. In order to aid 

discussion and interpretation, the composition, microstructure and conductivity results of the 

LATP (LATP 1100 °C) are verified again along with the crystal structure information aiding 

analyses of the orientation effect on the mechanical properties of LATP. 

 

Microstructural images of the LATP sample at different magnifications are displayed in Fig. 

4.6, further details on specimen production and sintering conditions can be found in section 

3.1.1. It be seen from Fig. 4.6 (a) that the LATP has some pores, which are homogeneously 

distributed.  The microstructure at a higher magnification is shown in Fig. 4.6 (b), from which 

the grain size of LATP has been derived via the software “AnalySIS pro” as 12.1 ± 5.9 μm. The 

pores are located both in grain boundaries and inside grains, where the former are irregular and 

the latter are rather round. The spherical pores inside the grains can be ascribed to the hydrostatic 

pressure of air, which was preserved in the grown grains during pre-annealing [239].  

 

The Archimedes’ method was used here to characterize the porosity of the LATP, hence open 

pores did not enter the porosity calculation. The relative density of the LATP sample calculated 

by the ratio of bulk density to theoretical density of 2.947 g/cm3 [12] is 96.7%. It is well known 

that the porosity can decrease the mechanical properties of a material like elastic modulus and 

hardness [220, 221], also already stated before. However, in this part of the work the indentation 

test was conducted in a small local region of single grains so that effects of pores on the obtained 

properties can be ignored. Furthermore, the grain boundaries, as shown in Fig. 4.6 (b), are very 

distinct, which was helpful in localizing the corresponding indentations in the EBSD mapping 

and eliminating respective data.  
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Figure 4.6 Typical SEM image of LATP sample in different magnification. 

 

For confirmation, again one as-sintered LATP sample was characterized with XRD to analyze 

the phase structure. The resulting XRD pattern in Fig. 4.7 reveals that the peaks can be fitted 

well with the reference pattern Li1.2Al0.2Ti1.8(PO4)3 (rhombohedral crystal structure, R3തc). A 

small amount of secondary phase of AlPO4 (Orthorhombic crystal structure, C2221) can be 

observed in the material, hence being in agreement with observations reported in section 4.1.1. 

 

 

Figure 4.7 XRD pattern of as-sintered LATP sample. 

 

Elastic modulus and hardness of AlPO4 are around 77 GPa [227, 228] and 3.5 - 5.5 GPa 

[234], respectively, which means that they are significantly lower than the mechanical 
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parameters of the LATP characterized here, hence any effect of localized testing of this phase 

would have been obvious. Hence, overall, the effect of the secondary phase on the experimental 

results can be neglected since the amount of AlPO4 is low and AlPO4 is located in the grain 

boundaries, and during the analysis within a grain only the indentations which yielded similar 

load-displacement curves were chosen to do the mechanical properties evaluation corresponding 

to the specific grain orientation.  

 

The lattice parameters of LATP calculated from the Rietveld refinement, as shown in Table 

4.4, are the same as in section 4.1.1 and are in good agreement with that of a*=b*=0.84941 - 

0.85068 nm, c*=2.08586 - 2.09085 nm as reported in [240]. Since the LATP crystal structure is 

the same as that of LiTi2(PO4)3, and even with Al3+ doping the lattice parameter is similar as that 

of LiTi2(PO4)3 (a*=b*=0.8535 nm, c*=2.0883 nm) [210], the elastic constants of LiTi2(PO4)3 

and the lattice parameters given in Table 4.4 are used for the Vlassak-Nix model below, since 

lattice constants for LATP were not available.  

 

Being a solid electrolyte material, as a basic characteristic of LATP, the electro-chemical 

behavior has to be investigated. The ionic conductivity of a LAPT pellet was measured with a 

potentiostat at room temperature (~ 25 °C). In Fig. 4.8 the Nyquist plots of the imaginary against 

real impedance of the LATP sample (0.3 mm thickness) is shown, of which the intercept at high 

frequency was used as representative for the conductivity of the sample. The derived 

conductivity of LATP in this work is 0.18 mS/cm, which agrees well with the results of 0.2 

mS/cm reported in [12, 241]. 

 

Table 4.4 Rietveld refined lattice parameters of as-sintered LATP. 

 
Lattice parameters 

Space group a* (nm) b* (nm) c* (nm) α β γ 

LATP R-3c h (167) 0.85523 0.85523 2.09652 90° 90° 120° 
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Figure 4.8 Nyquist plot of the LATP material at 25 °C. 

 

The chosen areas for indentation are shown in Fig. 4.9 (a). The red and blue frames with the 

corresponding EBSD results in all three axes are displayed in Fig. 4.9 (b). Only imprints were 

considered in the analysis of the data that possessed a regular shape and were located not too 

close to pores and grain boundaries. The indentations were grouped by the grains with different 

orientations and then elastic modulus and hardness were analyzed. For analyzation certain grains 

with at least 3 indents were then considered. 
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Figure 4.9 The microstructure of LATP material in (a), of which the red and blue marked areas 

are chosen for indentation test , and (b) the corresponding EBSD result in three axes. 

 

Fig. 4.9 (b) shows that the EBSD images for the well-polished LATP are quite clear, which 

verifies that any potentially affected layer on the surface was removed, since it was reported that 

the EBSD pattern quality correlated adversely with the defect density [242]. Thus the mechanical 

properties of LATP can be analyzed without consideration of potential residual stress effects. 

Furthermore, the EBSD results indicate that the LATP grains are orientated highly randomly, 

which permits an appropriate investigation of the anisotropic mechanical properties.  

 

4.2.2 Mechanical properties 

Typical indentation load-depth curves for three specific planes are shown in Fig. 4.10, in 

which (a) shows the curve for an imprint on the basal plane; (b) and (c) show curves for the 

prismatic type (101ത0) and (112ത0) planes. The specific plane was determined based on the Euler 

20 μm 
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angle Φ, i.e. the angle between the selected plane and the basal plane or prismatic plane, which 

was supposed to be less than 10°. Since the indentation test was carried out in a depth control 

mode, all three curves reached a depth of 300 nm, however, since the holding time at maximum 

load was 10 s (to avoid reversible plasticity) the maximum depth before unloading was slightly 

larger than 300 nm.  

 

  

Figure 4.10 Typical load-displacement curves for indentation test in specific orientation: (a) on 

the plane close to basal plane, (b) and (c) on the prismatic type planes. 

 

The curve shapes, which are the basis for obtaining the experimental elastic modulus and 

hardness, for all three planes are different, which verified that the LATP material’s mechanical 

properties are anisotropic. Obviously the maximum loads for the two prismatic planes are very 

similar, whereas the maximum load for the basal plane was much higher. As illustrated in Fig. 

4.9, some of the indentations were out of the area characterized by the EBSD pattern and some 

are close to the defects like pores, which needed to be eliminated from the analysis. Thus, the 

amount of the valid data that could be associated with different grains was limited. 
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Elastic modulus and hardness of the LATP sample are presented in three dimensional charts 

with the two axes representing the angle from the basal orientation (Φ) and the angle from 

prismatic orientation (φ2), as can be seen in Fig. 4.11. The data was expanded via the software 

“Origin” converting the worksheet to matrix to make the 3D colorful surface map. Here the 

surface mapping has no physical meaning and is only used as a guide for eyes to observe clearly 

the dependency of mechanical properties on rotation angles. To permit a clearer understanding of 

the graphs the deviations of E and H are shown and discussed in more detail below.   

 

It can be seen in Fig. 4.11 that elastic modulus and hardness of LATP reveal a similar trend 

with variation of the angles (Φ, φ2). It is notable that, with the increasing of Φ, i.e., angle of the 

indented plane rotating from the basal plane towards the prismatic plane, E and H decrease 

significantly. Yet the φ2, i.e., angle of the indented plane rotated from prismatic (101ത0) type 

plane to another (101ത0) plane through the prismatic (112ത0) type plane, has no obvious effect on 

the mechanical properties. This manifests that the rotation angle Φ is the dominant factor 

influencing the anisotropic behavior of the LATP material, which agrees well with the hexagonal 

material β-Si3N4, as reported in [209].  

 

The elastic modulus decreases from 150 ± 3 GPa for the basal plane to 107 ± 4 GPa for the 

prismatic plane, whereas the hardness decreases from 10.0 ± 0.2 GPa for the basal plane to 5.5 ± 

0.3 GPa for the prismatic plane, each being the individual maximum and minimum experimental 

data points regarding to the individual grains.  

 

As demonstrated in section 4,1,2, the elastic modulus and hardness of LATP at load of 30 mN 

is 127 ± 10 GPa and 9.8 ± 0.9 GPa, respectively. Contrary to the loading control mode, under the 

depth control mode of 300 nm it can be found that the load is in the range of 10 – 16 mN. 

Moreover, based on the nanoindentation mapping test the average elastic modulus and hardness 

is calculated as 131 ± 4 GPa and 8.3 ± 0.3 GPa, respectively. This implies the mechanical 

properties at 30 mN is close to these average properties, which manifests that it is reasonable that 

the elastic modulus and hardness of LATP at 30 mN is in between the values of elastic modulus 

and hardness of LATP basal plane and prismatic plane.  
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It was reported by Jackman et al. that E of LATP ranged from 81 to 115 GPa and H was 7.1 ± 

0.4 GPa  [12], and Deng et al. reported that E of the LiTi2(PO4)3 type material ranged from 139.0 

to 152.5 GPa as derived via first principle calculation [166]. Taking orientation effects into 

consideration, elastic modulus and hardness obtained here are in good agreement with these data. 

 

 

Figure 4.11 Experimentally derived mechanical properties of the LATP as a function of the 

corresponding angle: (a) elastic modulus and (b) hardness, here the colorful surface map is the 

guide for the eye to see the dependency of mechanical properties on rotation angle. 

 

Typical morphologies of imprints in different magnifications can be seen in Fig. 4.12 (a) and 

(b). It can be found that the indentations are homogeneously distributed over the sample surface 

in Fig. 4.12 (a). The distance between the indents was 5 μm and no interaction between the 

imprints inside the grain is visible in Fig. 4.12 (b), which manifests that the indentation results 

represent the local property within each selected grain. With the aid of the green triangle it can 

be seen that the models assuming sink-in behavior is adequate. In addition, around the 

indentations no clear slip lines can be observed.  

 

(a) (b) 
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Figure 4.12 SEM images of the typical imprint morphologies in (a) and (b). 

 

As outlined above, the Vlassak-Nix and easy-slip models are adopted here to calculate 

indentation elastic modulus and hardness ratio, respectively, corresponding to the rotation angle 

of the crystal structure, as shown in Fig. 4.13. The indentation modulus and hardness are derived 

as a function of Φ from 0° to 180° with 1° per step to show a detailed symmetric variation. In 

order to see any effects in the mechanical properties with respect to angle φ2, i.e., the initio angle 

for calculation between the normal of the indented surface and the X-Z plane of the crystal 

coordinate system at X-Y plane, three typical plots, at φ2 = -30°, 0° and 30°, are selected for both 

indentation modulus and hardness ratio.  

 

It can be seen that in the interval of Φ from 0° to 90°, i.e. the indented plane being rotated 

from the basal plane to the prismatic plane, the indentation modulus decreases continuously with 

a maximum value of 177 GPa at 0° and a minimum value of 118 GPa at 90°. With respect to the 

hardness ratio, results for the hardness at 90° are used as a reference value; the ratio is highest of 

2.0 at 0° and then decreases to 0.96 at 70°, afterwards the value rises to 1 at 90° in a semi-period.  
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Figure 4.13 Indentation elastic modulus and hardness ratio as a function of angle Φ in (a) and (b), 

respectively. Representative angles φ2 of -30°, 0° and 30° are selected to see the limited effect of 

this angle on the mechanical properties. 

 

The angle φ2 has only a small effect on the indentation modulus, i.e. with increase of φ2 the 

indentation modulus and hardness plots shift right with the same maximum and minimum value, 

whereas the φ2 angle has no observable influence on the hardness ratio. Thus it can be confirmed 

that the angle Φ is the dominant factor in affecting the anisotropic mechanical properties of 

rhombohedral LATP material, and, therefore, the comparison of the experimental results and 

calculated results is discussed only in terms of the Φ angle.  

 

In order to compare both the experimental and the Vlassak-Nix model’s indentation modulus, 

the value based on the equation 𝑀 =
ா

ଵିణೞ
మ  was used. So to permit a comparison of the 

experimental results and the two model’s predictions, the experimental and model’s results of 

elastic modulus and hardness are plotted as a function of angle Φ in Fig. 4.14, where the 

experimental hardness is normalized (using the value at Φ = 90° as reference data).  

 

It can be seen from Fig. 4.14 (a) that the experimental normalized E possesses the same trend 

as the one predicted by the Vlassak-Nix model. Nevertheless, the indentation modulus values, 

especially at low Φ angles, are slightly lower than the data derived from the theoretical model. In 

the current work the calculated experimental indentation modulus decreases from 160 ± 4 GPa 

for the basal plane to 114 ± 4 GPa for the prismatic plane. It can be observed that the extreme 

(a) (b) 
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value of the experimentally obtained indentation modulus is slightly lower than the one predicted 

from the Vlassak-Nix model, i.e. the difference is 10%. The normalized hardness shows a 

decreasing trend with increasing angle, similar to that of the data derived from the easy-slip 

model, as shown in Fig. 4.14 (b). The ratio of the maximum of the experimental data is around 

1.8, being lower than that of 2.0 from the easy-slip model. The experimental normalized H for Φ 

values in the range of 20° - 70° is higher than the predicted data as well as the reference data 

point, while the easy-slip model yields a minimum value at Φ of 70°. No difference can be 

obtained for the experimentally derived and predicted hardness value, since due to the limitation 

of the easy-slip model no absolute value of hardness can be calculated and only the variation 

trend can be anticipated. 

 

 

Figure 4.14 A comparison of the experimental anisotropic indentation modulus and the 

calculated one according to the Vlassak-Nix model in (a), and the normalized experimental 

anisotropic hardness and the hardness ratio from easy-slip model in (b). 

 

The differences between the experimental and theoretical outcomes can be a result of many 

factors. Due to the randomness of the grain orientation, some experimental points especially the 

data at Φ of 0° were missing. In addition, the usage of the elastic constants based on LiTi2(PO4)3 

material and the 6 slip systems simplified via ruling out the unidirectional slip lowered down the 

accuracy of the prediction of the two models. Even so, the Vlassak-Nix model and easy-slip 

model still permit a close estimate of the elastic modulus and hardness of the LATP material 
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although further improvement appears to be possible in future works concentrating on these 

predictive approaches. 

 

In consideration of the mechanical behavior in analytical and simulation approaches of solid-

state lithium batteries with thick electrolyte obviously usage of the average mechanical 

properties of the electrolyte is sufficient as long as only the macroscopic behavior is considered, 

however, once approaches go down to the behavior on the level of individual grains, in particular 

when the growth of dendrites is an aspect of concern, local properties and their differences 

become interesting. Similar for the micro-batteries the thickness of the electrolyte goes down to 

the grain size, the mechanical properties of individual grains like elastic modulus and hardness 

become prominent effects and need to be taken into account of battery design and analysis of 

aspects related to strains and stresses. 

 

4.2.3 Summary 

The anisotropy of the mechanical properties of the solid electrolyte material LATP was 

investigated in this work via indentation mapping test with depth control mode at room 

temperature and associate EBSD characterization. The LATP ceramic electrolyte with a 

rhombohedral crystal structure was studied and the imprints after indentation were analyzed. The 

experimental elastic modulus and hardness as a function of rotation angle from basal plane to 

prismatic plane were assessed and compared with those predicted by the Vlassak-Nix and easy-

slip model, respectively, which were used to calculate a theoretical modulus and hardness ratio, 

respectively.  

 

Noticeable anisotropic mechanical properties of LATP material were observed. The 

experimental elastic modulus and hardness of LATP showed a similar trend, i.e. that the rotation 

angle φ2 between two prismatic (101ത0) type planes had no detectable influence, whereas when 

the rotation angle Φ from basal plane to prismatic plane increased, E and H value decrease 

conspicuously. The Vlassak-Nix and easy-slip model demonstrated that the angle φ2 has a 

negligible effect and the difference between the results of the two models’ results was that, as the 

angle Φ increased, the indentation modulus from the Vlassak-Nix model decreased continuously 

while the hardness ratio derived by the easy-slip model decreased to the minimum value at 70° 
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and then increased slightly. The comparison of experimental results and theoretical calculation 

was discussed only in terms of the rotation angle Φ, since the angle Φ appears to be the dominant 

factor on the mechanical properties of LATP.  

 

The experimental elastic modulus is in the range of 150 ± 3 GPa to 107 ± 4 GPa and the 

hardness is in the range of 10.0 ± 0.2 GPa to 5.5 ± 0.3 GPa, whereas the average elastic modulus 

and hardness for all data is calculated as 131 ± 4 GPa and 8.3 ± 0.3 GPa, respectively. As 

demonstrated in section 4,1,2, the elastic modulus and hardness of LATP at load of 30 mN is 127 

± 10 GPa and 9.8 ± 0.9 GPa. This implies the mechanical properties at 30 mN are close to the 

average properties as reported in section 4.1.2.  

 

The experimental indentation modulus fitted well with the prediction of the Vlassak-Nix 

model, yet the model showed an around 10% higher extremum (118 - 177 GPa) than the 

experimental results (114 - 160 GPa). The experimental hardness was normalized to compare 

with the hardness ratio from the easy-slip model and the trend of two results was comparable. 

The difference between the experimental results and the models’ results can be ascribed to 

simplification for calculation such as that the Vlassak-Nix model adopted the LiTi2(PO4)3 

material’s elastic constants, the easy-slip model took the simplified 6 slip systems into account. 

Besides, more experimental data points could be gained in future work, especially the result 

around Φ = 0°. This work presents data supporting an understanding of the anisotropic 

mechanical properties of the rhombohedral crystalline LATP material and provides a basis for 

further improvement of the Vlassak-Nix and easy-slip model.  

 

4.3 Li1.5Al0.5Ti1.5P3O12:SiO2 and Li7La3Zr2O12: Fracture reliability  

For brittle materials that possess an inherent scatter in fracture stresses, a fracture-based 

reliability analysis is of paramount importance, since here safety factors are the most uncertain 

aspect of a design. In real application, the electrolyte experiences stress and the contact to other 

materials. The probability distribution of structural strength and lifetime are known to follow a 

Weibull distribution, determining the time or load related to a tolerable failure probability [203]. 

The Weibull statistics of Li1.3Al0.3Ti1.7(PO4)3 has been reported by Jackman et al. that the 
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Weibull modulus and characteristic of Li1.3Al0.3Ti1.7(PO4)3 with fine grain and low porosity is 12 

and 130 MPa, respectively. Yet the Weibull statistics of Li7La3Zr2O12 still needs to be 

investigated. Since porosity has a significant impact on the mechanical behavior of the material 

[243], and the densification of LATP can be enhanced by adding SiO2 powders [244], the 

mechanical properties of the Li1.5Al0.5Ti1.5P3O12:SiO2 (LATP:Si) and dense Li7La3Zr2O12 (LLZO) 

are chosen in this work for the mechanical assessment via indentation tests and bending tests. 

 

4.3.1 Li1.5Al0.5Ti1.5P3O12:SiO2: Fracture reliability3  

4.3.1.1 Composition, microstructure and conductivity  

After sintering, the XRD patterns were recorded to detect secondary phases, which are 

common for LATP-type ceramics (see also Fig. 4.15, see also section 3.1.2). The LATP:Si 

sample shows a rhombohedral structure (space group 𝑅3ത𝑐) with LATP as main phase. It can be 

found that the LATP:Si contains negligible amount of secondary phase (AlPO4) compared to that 

of LATP samples discussed in section 4.1 and section 4.2. Since the added SiO2 binder was only 

~ 1.5wt%, no signal related to it could be detected in XRD spectra. Via Archimedes’ method the 

relative density of LATP:Si was assessed of which the relative density is 99.8%, which is higher 

than that of LATP samples, section 4.1 and 4.2, making the modified material promising for 

practical application. The fracture surface observation of the as-sintered LATP:Si sample is 

shown in Fig. 4.16. The small size grains inside the sample can lead to the densification of the 

sample.  

 

                                                 
3 Section content published: E., Dashjav, M., Gellert, G. Yan et al. Journal of the European Ceramic Society (2020), 
40, 1975-1982.  
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Figure 4.15 XRD pattern of sintered LATP:Si tape. 

 

 
Figure 4.16 SEM micrograph of fracture surface of LATP:Si. 

 

The typical Nyquist plot showing the complex impedance of LATP:Si is given in Fig. 4.17 (a). 

Generally, the Nyquist diagrams consist of three different parts: two semicircles representing the 

grain and grain boundary conduction processes, followed by a capacitive process associated with 

the electrode polarization. The grain boundary and bulk processes can be clearly separated, but 

only up to temperatures of -100 °C, whereas at higher temperatures the grain boundary process 

cannot be separated from the bulk resistance. So only the total conductivity can be extracted. 

Thereafter the Arrhenius plot of the bulk and total conductivity, here equivalent to the grain 

boundary conductivity, is shown in Fig. 4.17 (b). The total resistance of the material is 

dominanted by the grain boundary, which are two times as resistive as the bulk, resulting the 

10 20 30 40 50 60

Li1.2Al0.2Ti1.8(PO4)3 (ICSD: 427621)

AlPO4 (ICSD: 97564 )

R
el

at
iv

e 
in

te
ns

ity
 (a

.u
.)

2 theta (degree)

AlPO4 (ICSD: 97564 )



4. Results and Discussion 

88 
 

total ionic conductivity of 0.2 mS/cm at 20 °C. The conductivity of the current LATP:Si is 

similar to that of LATP sintered at 1000 °C (0.18 mS/cm at 20 °C), as demonstrated in section 

4.1 and 4.2, which implies the tape casted LATP mixed with SiO2 is a competitive electrolyte. 

As a comparative, the bulk conductivity was extrapolated as 1.2 mS/cm at 20 °C which agrees 

well with the results for singe crystals [245].  

 

 
Figure 4.17 Nyquist diagram of LATP:Si in (a), Arrhenius plot of the bulk and total conductivity 

of LATP:Si in (b). 

 

4.3.1.2 Fracture reliability  

Regarding hardness, elastic modulus and fracture toughness, the LATP:Si was tested by the 

commonly used indentation method, where the maximum applied load was 500 mN (penetration 

depth ~ 3 μm). Elastic modulus and hardness of LATP:Si as a function of load are presented in 

Fig. 4.18. It can be seen that both, E and H, decrease with increasing load, similar as observed 

for the material without Si in section 4.1. Comparing to the elastic modulus and hardness of 

LATP as displayed in Fig. 4.3 and 4.4, the decrease here is similar. The impact of the grain 

boundaries on the mechanical properties increases due to the wider load-carrying zone, which 

appears to decrease the apparent properties of the material [229]. In addition, the bimodal grain 

size can also enhance the load dependence of mechanical properties as small grains induce more 

grain boundaries.  
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By the virtue of the low porosity, effects of voids appear to be negligible. The E and H at low 

load represent the intrinsic property of the LATP:Si, whereas the values at higher load indicate 

the polycrystalline property.  

 

Average elastic modulus and hardness at the low load of 30 mN are 109 ± 5 GPa and 8.7 ± 0.4 

GPa, respectively. As discussed in section 4.1, the elastic modulus and hardness of the hot 

pressed LATP materials sintered at 950 °C at 30 mN are 118 ± 5 GPa and 9.3 ± 0.3 GPa, 

respectively, which indicates that the E and H of LATP:Si sintered at 920 °C are similar.  

 

Literature values of the elastic modulus of LATP are in range 81 to 115 GPa [12, 246], for the 

hardness 7.1 ± 0.4 GPa [12]. The elastic modulus and hardness of LATP:Si appear to be slightly 

higher than reported in [12]. The sample here has a density of 99.8% with small grains filled in 

the interstitial space of large grains as seen in Fig. 4.16, whereas the density of LATP was 97.0% 

[12] with grain sizes of around 30 μm. Besides, in Jackman and Cutler’s work [12], the elastic 

modulus was measured via ring-on-ring test machine, where the effectively deformed zone and 

hence apparent porosity and grain boundaries was way larger than the indentation test adopted 

here. As shown in the above results, the higher load-carrying zone the lower E and H values. 
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Figure 4.18 Elastic modulus and hardness of LATP:Si as a function of indentation load. 
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Vickers indentations were utilized to determine the fracture toughness of LATP:Si at different 

loads. It was found that below 1 N no obvious cracks could be generated and above 10 N the 

sample surface was crushed. Hence, the fracture toughness of LATP:Si was tested at 3 N and 5 N. 

Since the ratio of the crack length (l) to half-diagonal (a) of the cracks met with the condition 

(𝑙/𝑎 ≥ 1.25) of median (half-penny) cracks, and the Equation 2.13 was adopted [247]. The 

derived fracture toughness values of LATP:Si for loads of 3 N and 5 N are 1.1 ± 0.3 and 1.2 ± 

0.3 MPa∙m1/2, respectively, hence, being independent of the applied load. 

 

 As described in section 4.1, the derived KIC values of LATP sintered at 1050 °C and 1100 °C 

with load of 0.5 N were 1.4 ± 0.2 and 1.6 ± 0.2 MPa∙m1/2, whereas no valid fracture toughness of 

LATP 950 °C and LATP 1000 °C could be calculated. The KIC value of LATP:Si sintered at 920 

°C is lower than that of LATP 1050 °C and 1100 °C, which can be ascribed to a sintering 

temperature effect, see also section 4.1, which corresponds to the higher amounts of pores inside 

the grains of samples sintered at lower temperature.  

 

Jackman and Cutler [12] reported that the fracture toughness of LATP material determined by 

the single edge notch bending method was 1.1 ± 0.3 MPa∙m1/2, which is in very good agreement 

with that of LATP:Si characterized here. Furthermore, for comparison, the fracture toughness of 

garnet-type electrolyte Li7La3Zr2O12 is in the range 0.9 to 1.25 MPa·m1/2 [13] and for the 

perovskite-type electrolyte Li0.33La0.57TiO3 it is 1.15 to 1.24 MPa·m1/2 [17], which reveals that 

LATP:Si has a similar fracture toughness like other potential solid electrolytes . 

 

In order to gain insight into fracture stresses and reliability of the samples, ball-on-three-ball 

bending tests were carried out at room temperature [201]. The derived fracture stress data were 

described by a 2-parameter Weibull statistics yielding the characteristic strength and Weibull 

modulus [155]. A minimum number of 30 specimens is suggested in the industrial standards as a 

basis for a Weibull statistical analysis [203]. However, limited materials availability (13 samples) 

did not permit to test such a large number of specimens and hence, although the data were 

analyzed using Weibull statistics, the result should only be considered as a tentative indication of 

the materials behavior.  
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As illustrated in Fig. 4.19, the Weibull parameters were calculated by linear fitting with 90% 

confidence intervals as 0 = 168 [160.7 – 175.3] MPa and m = 12.8 [7.8 – 16.8]. The effective 

volume of LATP:Si can be calculated via online web-tool (http://www.isfk.at/de/960/) [199] as 

0.265 mm3. The mechanical properties of LATP:Si, summarized in Table 4.5, are slightly better 

than that of LATP reported by Jackman and Cutler [12], where for high purity fine grained 

(HPFG) LATP the characteristic strength is 130 MPa and Weibull modulus is 8. The effective 

volume of HPFG LATP was calculated to be 26 mm3.  

 

According to the Weibull’ theory [203], the fracture strength is related to the sample volume 

of which the referred fracture strength 𝜎 at unit volume can be expressed as: 

 

𝜎 = ൬
ೡ

ೝ
൰

భ


∙ 𝜎                                                   (4.1) 

 

where  𝑉௧௩  is the effective volume of the tested sample and 𝑉 the referred volume which 

is assumed to 1 mm3 here. It can be calculated that the referred fracture strengths at unit volume 

of 1 mm3 of LATP:Si here and LATP in the literature [12] are 151 [135 – 162] MPa and 195 

MPa, respectively. The respective fracture strength of LATP:Si is lower than that of the material 

reported in the literature probably due to the tape casting process an associated defects [248].  

 

It can be seen that the Weibull modulus of LATP:Si is in the similar range as for other  

ceramic materials, i.e. 5 to 20 [249]. Compared with the ceramic materials LiNbO3 and LiTaO3 

that were tested with the same B3B test method as reported by Gruber [154], the Weibull 

modulus of LATP:Si is higher than that of LiNbO3 (3.8 - 6.9) and LiTaO3 (3.4 - 6.3), although 

the limited number of specimens and the confidence interval require further tests for final 

conclusion. However, the characteristic strength is lower than for example that of the cathode 

materials LiNbO3 (638 – 2036 MPa) and LiTaO3 (669 – 1802 MPa). It can be assumed that the 

fracture reliability of the solid electrolyte LATP:Si (size of  6.6 × 7.1 × 0.2 mm3) is superior to 

that of the cathode materials LiNbO3 and LiTaO3 according to the higher Weibull modulus. The 

Weibull statistics of LATP:Si here can be used as a reference for further LATP materials design 

and as a comparison in probabilistic maximum stress calculations for simulations of components. 
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Figure 4.19 Fracture stress distribution and Weibull parameters of LATP:Si tapes.  

 

Table 4.5 Mechanical properties of the LATP:Si material. 

E (GPa) 

at 30 mN 

H (GPa) 

at 30 mN 

KIC (MPa·m1/2) 

at 3 N 
m 0 (MPa) 

109 ± 5 8.7 ± 0.4 1.1 ± 0.3 
12.8 [7.8 – 

16.8] 

168 [160.7 – 

175.3] 

 

In order to derive the fracture origin, the fracture surfaces of various specimens and individual 

pieces were analyzed in more detail. Typical fracture surfaces of LATP:Si at different 

magnifications are shown in Fig. 4.20. As examples, Fig. 4.20 (a) and (b) show the lateral view 

of the two sides of one individual fracture surface. It might be interpreted that large grains were 

removed during fracture or large individual pores are the crack origin. The critical flaw size can 

be estimated by the equation [141]: 
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where KIC is the fracture toughness and 𝜎 is the fracture stress. Based on the individual fracture 

stress of the specimens and the fracture toughness, an 𝛼 of ~ 30 μm is calculated, which is in 

good agreement with the identified failure origin, which according to Fig. 4.20 (b) has a size of ~ 

30 µm. As shown in Fig. 4.20 (c), the crack goes through the internal pores of the grain. Overall, 

the cracks propagate both intergranularly and transgranularly. This suggests that the pores 

weaken the large grains leading to lower strength of large grains than that along grain boundaries. 

Therefore, improving the density of the LATP:Si and the LATP microstructure can enhance the 

material’s strength in real application.  

 

 

Figure 4.20 Typical crack surface of the LATP:Si samples. (a), (b) and (c) show the same sample 

in different magnifications. The blue circle in (a) is enlarged as shown in (b) where the red circle 

show the potential fracture origin. (c) shows the higher magnifications of the fracture surface, 

and the red circle indicates the transgranular crack growth. 
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4.3.1.3 Summary 

The LATP:Si material shows similar elastic modulus and hardness like LATP 950 °C in 

section 4.1, being however higher than that the values reported for other LATP materials [12, 

246]. The fracture strength as well as Weibull modulus of LATP:Si reported here might be used 

as indicators for the design of electrolyte-based batteries in term of safety issues. The 

observation of the fracture surfaces of LATP:Si reveals that the pores inside large grains or the 

large grains themselves reduce fracture stresses. One way to strengthen the LATP:Si material is 

to densify the sample further during the sintering process and reduce the grain size. The 

Li1.5Al0.5Ti1.5P3O12 mixed with SiO2 was sintered achieving a high density, which allowed 

reliable investigating of the mechanical properties. The fracture strength，168 MPa, and Weibull 

modulus, 13, of LATP:Si have been investigated, which can provide the basis for future 

macroscopic modeling of LATP components in solid state batteries. The mechanical 

measurements of LATP:Si demonstrate that an improvement of the mechanical properties can be 

achieved by densifying the structure and reducing the grain size. 

 

4.3.2 Li7La3Zr2O12: Fracture reliability and lifetime prediction 4  

4.3.2.1 Composition, microstructure and conductivity  

A fracture surface of a LLZO pellet is shown in Fig. 4.21 to reveal details on the 

microstructure. Via Archimedes method the relative density of 93% for as-sintered samples was 

obtained and the grain size of LLZO was evaluated as 13.5 ± 7.2 μm. It can be seen, the material 

is rather dense and pores appear to be randomly distributed, in addition, the grain size 

distribution appears to be bimodal.  

 

                                                 
4 Section content published: G. Yan et al. Journal of Materials Science (2019), 54(7), 5671-5681. 
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Figure 4.21 SEM fracture cross-section of LLZO. 

 

X-Ray diffraction was used to characterize the phases after calcination. The result in Fig. 4.22 

verifies that the material is in pure garnet phase state (cubic ICSD: 131842, tetragonal ICSD: 

131954) with lattice parameter of 1.2970 nm in cubic crystal structure, lattice parameter of 

1.3093 nm and 1.2716 nm in tetragonal crystal structure, which is in good agreement with that 

reported in [13, 14]. The Nyquist plot for LLZO at room temperature is shown in Fig. 4.23, 

where the inset shows the detailed curve at low frequencies. Unfortunately, the bulk and grain-

boundary conductivity cannot be differentiated with the equipment and thus only the total ionic 

conductivity was calculated. The conductivity of the pellet is around 8.0×10-4 S/cm at RT, which 

indicates that the conductivity of the LLZO investigated in this work is higher compared to that 

of  ~3.0×10-4 S/cm at RT reported by Tsai et al. [250]. The LATP and LATP:Si samples in the 

previous sections revealed for comparison conductivities of ~ 0.2 mS/cm, hence, the LLZO 

materials’ ionic conductivity is slightly lower.  
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Figure 4.22 XRD patterns for LLZO sintered at 1200 °C in air for 8 h. 

 

 
Figure 4.23 Nyquist plot for LLZO at room temperature. 

 

4.3.2.2 Fracture reliability and lifetime prediction  

Elastic modulus and hardness were obtained from nano-indentation data. A typical 

indentation mark (loading 100 mN) is shown in Fig. 4.24.  
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Figure 4.24 Nano-indentation impression in LLZO, load of 100 mN. 

 

Elastic modulus and hardness as function of load are presented in Fig. 4.25. Both, E and H 

first increased and then gradually decreased as the depth increases. The elastic modulus and 

hardness at low load are 117 ± 4 GPa and 9.4 ± 0.5 GPa, respectively, which are considered to be 

representative for the material in its dense state. As the load was increased gradually to 500 mN, 

the elastic and plastic zone increased (note, the former is around ten times larger than the plastic 

zone). As the load-carrying zone increases, the effect of grain boundaries and especially also 

voids on the measured properties increases, decreasing apparent properties. This indicates that as 

the indentation depth increases, the determined E and H get closer to the properties being 

representative of the bulk, i.e. global behavior, of the sample, which is the property assessed via 

the ring-on-ring test below [251].  

 

As reported by Nonemacher et al. [14], the elastic modulus and hardness are in the range of 

124 – 163 GPa and 9.0 – 11.8 GPa, respectively. The slight difference might be attributed to the 

continuous multi-cycle mode, whereas in this work the load control mode was adopted, which 

effectively means that the literature results were obtained at lower load leading hence to higher 

values. Taking the experimental method into consideration it can be concluded that the E and H 

of LLZO here agree well with those literature results [14]. 
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Figure 4.25 Elastic modulus and hardness of LLZO as a function of indentation load. 

 

 

Figure 4.26 Indentation imprints for KIC calculation, (a), (b), (c) and (d) represents imprints for 1 

N, 3 N, 5 N and 10 N, respectively. 

 

Typical indentation imprints in LLZO that were used for KIC calculation are shown in Fig. 

4.26, for loads of 1, 3, 5 and 10 N, respectively. Below 1 N, the crack length was insufficient for 

toughness evaluation [119, 146, 147]. From Fig. 4.26 it can be seen that the cracks exhibited 

asymmetrical lengths and spallation between some cracks for all loads. Even for 1 N, it was still 

difficult to determine the crack length due to chipping effects. Especially at 10 N the material 

crushed, hence, for this load it was not possible to evaluate any toughness. For 1, 3 and 5 N the 

ratio of the crack length to imprint half–diagonal varied, meeting conditions for both Palmqvist 

and median cracks. For KIC calculation four equations [119, 146, 147] were used as shown in 
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Table 2.4, two assuming a Palmqvist and two assuming a median crack, and the results are 

presented in Fig. 4.27. The fracture toughness values are rather independent of the load in each 

model, hence, neither crack shape nor load dependency permitted a selection of the most suitable 

analysis procedure. The derived indentation fracture toughness of LLZO material was in a 

limited range from 0.74 - 1.13 MPa·m1/2, being in the range typically exhibited by 

polycrystalline ceramics (1-5 MPa·m1/2 [159, 252]). In addition, in Wang et al.’s work [13] the 

fracture toughness of LLZO material has been reported as obtained via two different methods: 

Vickers indentation method and micro-pillar splitting method, yielding in both cases values 

around 1 MPa·m1/2. Hence, overall, the average fracture toughness of LLZO appears to be ~ 1 

MPa·m1/2 and all measured properties are summarized in Table 4.6. 
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Figure 4.27 KIC calculated as function of load calculated using different equations. 

 

Table 4.6 Mechanical properties of LLZO determined via indentation test. 

 EIT (GPa) HIT (GPa) KIC (MPa·m1/2) 

LLZO  117 ± 4 9.4 ± 0.5 ~1 

 

Fracture stress and materials’ reliability were evaluated based on ROR test at three different 

loading rates at RT, which permits a consideration of subcritical crack growth effects. A 

minimum number of 30 specimens is suggested in industrial standards for a Weibull statistical 

analysis [203, 253], however, limited materials availability did not allow to test such a large 
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number and hence, although data were analyzed using this statics, results should only be used as 

indication of the behavior. An initial analysis revealed that characteristic strength values (51, 60 

and 53 MPa for 1, 10 and 100 N/min, respectively) as well as Weibull modulus (6, 7 and 8 for 1, 

10 and 100 N/min, respectively) were similar for all loading rates. Hence, in order to satisfy the 

requirements of the industrial standard and to permit an improved derivation, all data were joined 

for a single Weibull statistic. Fig. 4.28 illustrates the Weibull distribution of the LLZO samples 

for all loading rates. The data are well described by Weibull statics. Along with characteristic 

strengths and average fracture stresses also the average elastic modulus of LLZO is listed in 

Table 4.7.  

 

 

Figure 4.28 Weibull distribution for LLZO. 

 

Table 4.7 Ring-on-ring test results. 

 EROR (GPa) σf (MPa) σ0 (MPa) m 

LLZO 67 ± 9 51 ± 11 55 [51 – 58] 6.4 [4.4 – 8.9] 

 

Regarding the elastic modulus, even the highest value obtained from the ROR data is 

significantly lower than the one obtained via indentation, indicating a strong effect of pores and 

pores distribution in case of ROR testing. As a result, the properties are considered to be 
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macroscopic in contrast to indentation test that indicates the local properties and limits the effect 

of porosity and other flaws. The m of 6 is similar to that reported for other ceramics [249]; it was 

stated that the m for ceramics is often in the range of 5-20. 
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Figure 4.29 Individual fracture stresses of LLZO as a function of loading rates. 

 

Subcritical crack growth sensitivity of LLZO was assessed from ring-on-ring testing with 

different loading rates. As shown in Fig. 4.29, a line could be fitted to the individual fracture 

stresses as a function of loading rates. Using the slope, the SCG parameter was calculated. The 

SCG parameters with the associated uncertainties are summarized in Table 4.8. It has been stated 

that materials that are sensitive to SCG, such as glasses, have  n < 18 [155]. Based on Table 4, it 

can be concluded that LLZO is not very sensitive to subcritical crack growth.  

 

Table 4.8 SCG parameters for LLZO material. 

material n parameter D parameter 

LLZO 110ିଶଵ
ାଷହ 53.2ି.ଷ

ା.ଷ 

 

Since the SCG sensitivity of LLZO was evaluated, a stress-probability-time diagram could be 

obtained. Based on the data 𝜎ଵ௦  = 53 MPa was calculated. Combining 𝜎ଵ௦ and Eq. (5) and using 

m = 6, some selected forecast lines are presented in Fig. 4.30. Using this graph, the stress for a 
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tolerable failure probability can be predicted, yielding for example that the stress should not be 

higher than 21 MPa for 3 years’ lifetime warranting a failure probability of 1%.  
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Figure 4.30 Strength-probability-time plots for LLZO. 

 

The fracture surfaces of specimens after bending tests were checked via confocal scanning 

laser microscopy. As Fig. 4.31 (a) illustrates, LLZO pieces after test were reassembled and then 

fracture surfaces of individual pieces were analyzed in detail to derive fracture origins. For 

example, the fracture surface of part 4 and corresponding 3D morphology are shown in Fig. 4.31 

(b), where the potential failure origin is indicated. In agreement with occurrence of the highest 

stress in the bending tests at the surface, the reason of fracture appeared to be pores near the 

surface. The critical flow size can be calculated according to the Equation 4.2.  Based on the 

fracture stress and fracture toughness an 𝑎 of ~ 180 μm is calculated, being in agreement with 

the identified fracture origin, which according to Fig. 4.31 (b) has a size of ~ 200 µm.  
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Figure 4.31 Crack surface observation of LLZO. The pieces of the sample after ROR test were 

reassembled as shown in (a). 3D morphology as well as the fracture surface of part 4 is shown in 

(b). 

 

Images of a typical fracture surface are displayed in Fig. 4.21 using larger magnifications. The 

grain sizes distribution is again bimodal, with grain sizes larger than 50 µm and other groups 

smaller than 10 µm. From Fig. 4.21(a) it can be observed that cracks propagated both 

intergranular and transgranular, where the transgranular propagation of cracks occurred mostly in 

big grains. Since the grain boundary strength is relatively high, the crack propagates via the 

cleavage of the grains. Fig. 4.21(b), being in higher magnification, permits the clearer 

observation of the crack propagation. 

 

4.3.2.3 Summary 

In this part a LLZO (2 mol% Al doping and 40 mol% Ta) possessing pure cubic phase was 

investigated by indentation and ROR tests regarding its mechanical properties. The subcritical 

crack growth sensitivity at room temperature was assessed using ROR tests for different loading 

rates. As might be expected, the local indentation obtained elastic modulus is higher than the 

global one from ROR test, which can be attributed to a stronger effect of pores and pores 

distribution. The crack propagation path was both intergranular and transgranular. Fracture 

stresses show a large scatter reflected in a Weibull modulus of 6, however, the material was not 

(a) (b) 
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susceptive to SCG effects. An estimate of a critical defect size based on fracture toughness and 

strength yields a value of ~ 180 µm being in agreement with the fractographic observation. The 

stress for a tolerable failure probability is derived; yielding for example that the stress should not 

exceed 21 MPa for 3 years’ lifetime to guarantee a failure probability of 1%. This work provides 

a basis for further simulation and optimization of batteries applied in demanding working 

conditions. 

 

4.4 Li0.350La0.557TiO3: Voltage effect on mechanical properties 5 

Electrolytes in all-solid-state lithium batteries are operated under a voltage gradient that 

potentially induces materials transition, and thus the electrochemical and mechanical stability of 

electrolyte in operation are vital for such all-solid-state lithium batteries. To simulate the 

properties of electrolytes under such conditions, as an example material, Li0.350La0.557TiO3 

(LLTO) samples were tested at different voltage (usually measured against Li metal (0 V vs. 

Li/Li+)). In terms of mechanical behavior, elastic modulus (E), hardness (H) and fracture 

toughness (KIC) of the as-sintered LLTO, which was 3.2 V and LLTO charged to (and 

discharged from) 0.2V, 4.0V, and 4.5V, were assessed using indentation methods. 

 

4.4.1 Composition, microstructure and conductivity 

The microstructures of LLTO for different charge/discharge state are shown in Fig. 4.32. The 

SEM image quality is limited since they were obtained under low voltage to avoid acute 

fluctuation of the samples’ potential. It can be seen that the materials are rather dense and the 

microstructures of the four samples appear to be the same. The grain size of the samples is 

around 1-2 μm. XRD patterns of the samples are presented in Fig. 4.33. All diffraction peaks of 

the LLTO-3.2V, LLTO-4.0V and LLTO-4.5V samples are indexed to the cubic structure 

(PDF#46-0465 Li0.35La0.55TiO3), and no impurity can be observed. The main peaks of the LLTO-

0.2V sample are same as for the other samples; however, apparent impurity peaks are indexed to 

be LiTiO2. The lattice parameters are summarized in Table 4.9. LLTO-3.2V has the largest 

lattice constant a*, and the lattice constant decreases with increasing voltage, overall, the lattice 

constant of LLTO-0.2V is smaller than that of LLTO-3.2V. The maximum strain induced by 
                                                 
5 Section content published: X., Hu, G. Yan et al. Journal of the American Ceramic Society (2019), 102: 1953-1960.  
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voltage is ~0.10%, related to the maximum change in lattice constant, indicating that the lattice 

parameter is very stable under different voltages. 

 

 
Figure 4.32 SEM images of the samples, (a) LLTO-0.2V, (b) LLTO-3.2V, (c) LLTO-4.0V and 

(d) LLTO-4.5V. 

 

 
Figure 4.33 XRD patterns of samples with different balance voltage (V vs. Li/Li+). 

 

Table 4.9 Lattice parameters of samples. 

Sample a* (Å) 

LLTO-0.2V 3.8712 ± 0.0004 

LLTO-3.2V 3.8730 ± 0.0001 
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LLTO-4.0V 3.8704 ± 0.0002 

LLTO-4.5V 3.8690 ± 0.0004 

 

The Li-ion conductivities are measured with AC impedance spectroscopy at room temperature 

(RT). All samples show similar Nyquist plots, as shown in Fig. 4.34. The Nyquist plots consist 

of a semicircle in the left and a straight line in the right. The intersection of the straight line and 

the horizontal axis indicates the total (bulk and grain-boundary) resistance (Rtotal). The left 

intersection of the semicircle and the horizontal axis reflects the bulk resistance (Rb).  

 

The grain-boundary resistance (Rgb) is equal to Rtotal - Rb. The bulk and grain boundary 

conductivities of LLTO-3.2V are 1.65×10-3 S·cm-1 and 1.01×10-4 S·cm-1, respectively. The total 

conductivity is 9.55×10-5 S·cm-1, which is mainly determined by the grain boundaries. 

Meanwhile, the total conductivity of LLTO-0.2V after discharging, LLTO-4.0V and LLTO-4.5V 

after charging is 4.86×10-5 S·cm-1, 4.32×10-5 S·cm-1, and 2.54×10-5 S·cm-1, respectively. The Li-

ions diffuse via vacancy mechanism and the ion conductivity depends on the VA concentration 

and it is reported that perovskites with 8% vacancies within the A-sites have the highest ion 

conductivity [254]. Here the VA concentration of LLTO-3.2V is high enough for Li-ions to 

diffusion. 

 

 
Figure 4.34 Nyquist plots of samples with different balance voltage. 
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4.4.2 Mechanical properties 

Elastic modulus, hardness and fracture toughness are derived via the indentation 

method. Results are presented in Fig. 4.35. Both E and H gradually decreased as the depth 

increases. The fluctuation of the E and H at low loads can be related to the small volume tested at 

these loads and effects of inhomogeneity, in particular individual pores [255]. As the load is 

increased gradually to 500 mN, the elastic and plastic zone increased, where the former is around 

ten times larger than the plastic zone, yielding average properties that are representative of the 

bulk. As the load-carrying zone increases, the effect of grain boundaries and especially also 

voids on the mechanical properties increases, which appear to decrease the apparent properties of 

the specimens. The E and H at 20 mN are considered to be representative of the material in the 

dense state.  

 

The mechanical properties including E and H at 20 mN as well as KIC at 1 N of LLTO 

samples at different voltages are displayed in Fig. 4.36. It can be seen that the E and H of the as-

sintered sample LLTO-3.2V is the lowest of 153 GPa and 14.6 GPa, respectively. The deviation 

of the E of LLTO-3.2V is around 12 GPa which is less than 10% of the value indicating that the 

result is reliable. Overall, as the voltage increases further, the E and H of the samples increase, as 

shown in the Fig. 4.38. However, the values for E and H of LLTO-0.2V are in the level between 

those of LLTO-3.2V and LLTO-4.5V. For the KIC of all samples yield values around 1 

MPa∙m1/2, nevertheless the values exhibit a slight but completely contrary trend to that of the E 

and H results. The results indicate that the mechanical properties are sensitive to the Li quantity 

[15, 17, 170]. 

 

It has been found that, as the charge/discharge voltages vary, the mechanical properties of the 

LLTO material also change. With respect to the lattice parameter and ion conductivity in total, 

the as sintered material LLTO-3.2V has the highest value, meanwhile the value of the materials 

decrease as the voltages increase. Since both the conductivity and fracture toughness are 

proportional to the lattice parameter, the elastic modulus and hardness are inverse proportional to 

the lattice parameter and hence behave opposite to conductivity and fracture toughness. However, 

the different behavior of the LLTO-0.2V compared to the other three can be attributed to the 

reduction of Ti4+ to Ti3+ and phase decomposition. It indicates that during the design and 
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optimization of the battery materials or cells the lowest value of the mechanical properties 

regarding to the voltage variation should be taken into consideration and this also contributes a 

side of support for monitoring the safety and status of the battery. 

 

 

Figure 4.35 Elastic modulus in (a), and hardness in (b) of the samples as a function of load. 

 

 

Figure 4.36 Mechanical properties of samples with different balance voltage (V vs. Li/Li+), (a) 

elastic modulus (E) and (b) hardness (H) at 20 mN, (c) fracture toughness (KIC). 

 

The fracture surfaces are characterized with SEM (Fig. 4.37). The fracture surfaces of all 

samples exhibit exclusively a transgranular mode, and have a similar morphology. As the 

strength of the grain boundaries is relatively high, the crack propagates along the cleavage of the 

grains. All specimens have dense structures, which is consistent with the relative density. 
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Figure 4.37 SEM images of fracture surfaces, (a) LLTO-0.2V, (b) LLTO-3.2V, (c) LLTO-4.0V, 

(d) LLTO-4.5V. 

 

4.4.3 Summary 

Perovskite electrolyte Li0.350La0.557TiO3 disks were synthesized by the high temperature 

solid reaction. The voltage of samples (vs. Li/Li+) is controlled by charging (or 

discharging) process. LLTO-3.2V, LLTO-4.0V, and LLTO-4.5V exhibited a pure cubic 

structure, whereas impurity LiTiO2 is observed for LLTO-0.2V. The total ion conductivity of 

LLTO-3.2 V is 9.55×10-5 Scm-1, which was mainly determined by the grain boundary. The E, H 

and KIC of LLTO at different voltages were tested and the same trend was shown, i.e., 

since both the conductivity and fracture toughness were proportional to the lattice parameter, the 

elastic modulus and hardness were inverse proportional to the lattice parameter and hence 

behave opposite to conductivity and fracture toughness. The E and H of the as-sintered sample 

LLTO-3.2V are the lowest with 153 GPa and 14.6 GPa, respectively. For the KIC of all samples 

yield values around 1 MPa∙m1/2, which exhibits a slightly contrary trend to that of the E and H 

results. This work provides a basis for further simulation and optimization of battery materials 

and cells in real application. 
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4.5 Comparison of LATP, LATP:Si, LLZO and LLTO solid 

electrolytes  

In the current work, NASICON type, garnet type and perovskite type ceramic materials, 

which might be used for solid lithium battery components, were characterized regarding 

mechanical properties, with associated investigations on microstructure and limited works on 

electronic properties. For the NASICON type material LATP both temperature and grain 

orientation effects on the mechanical properties of hot pressing samples were studied separately, 

whereas the fracture reliability of the tape casting (which is more likely to be the industrial 

manufacturing process) LATP version mixed with SiO2 was studied via ball-on-3-ball test. Since 

LLZO studies exist already in literature the garnet type ceramic LLZO was tested here mainly 

with ring-on-ring test to predict the lifetime in practical application, complementary indentation 

testing was carried out. Furthermore, since the solid electrolyte materials experience cycling 

voltage variation, the perovskite type material LLTO, developed and optimized towards 

application by an external partner, was selected to research the charge state effect on the 

mechanical properties derived via indentation testing. A comparison of the properties of these 

solid electrolyte materials can be seen in Table 4.10.  

 

Table 4.10 Comparison of the selected solid electrolytes’ properties. 

  σt (S/cm) EIT (GPa) HIT (GPa) KIC (MPa·m1/2) 

LATP 

LATP 950 °C 8.69×10-5 118 ± 5 9.3 ± 0.3 -* 

LATP 1000 °C 1.01×10-4 120 ± 6 9.6 ± 0.7 - 

LATP 1050 °C 1.47×10-4 121 ± 7 9.6 ± 0.4 1.4 ± 0.2 

LATP 1100 °C 1.83×10-4 127 ± 10 9.8 ± 0.8 1.6 ± 0.2 

LATP:Si 920 °C 2.0×10-4 109 ± 5 8.7 ± 0.4 1.1 ± 0.3 

LLZO 1200 °C 8.0×10-4 117 ± 4 9.4 ± 0.5 ~1 

LLTO 

LLTO-0.2V 4.86×10-5 165 ± 2 18.2 ± 1.1 0.8 ± 0.1 

LLTO-3.2V 9.55×10-5 153 ± 12 14.6 ± 3.0 1.0 ± 0.1 

LLTO-4.0V 4.32×10-5 177 ± 5 14.6 ± 0.5 0.9 ± 0.1 

LLTO-4.5V 2.54×10-5 184 ± 2 17.1 ± 0.6 0.8 ± 0.1 

*: “-” means the property was not investigated or could not be measured.  
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Considering that these materials are to be applied as a Li-ion conductor in the lithium battery 

cell, the ionic conductivity of the materials has to be assessed. It can be seen from the table that 

the conductivities of these materials are in a similar range and agrees well with literature values 

as listed in Table 2.2. Compared to conductivity of LiPON and LISICON materials (~ 10-6 S/cm) 

[81, 85-87] the conductivity of the selected materials in this work is evidently higher, which 

indicates the LATP, LLZO and LLTO are promising solid electrolyte candidates.  

 

As mentioned in section 2.4, elastic modulus, hardness and fracture toughness of LATP are 

reported to be 81 – 115 GPa, ~7.1 GPa and 1.1 MPa·m1/2, respectively [12, 185], and that of the 

LLZO material are 71-163 GPa, 6.8 - 11.8 GPa and 0.6-1.3 MPa·m1/2, respectively [13, 14, 176, 

179, 246]. For LLTO reported values are 186 – 200 GPa, 8.4 - 9.7 GPa and 1-1.2 MPa·m1/2, 

respectively [15, 17]. The elastic modulus, hardness and fracture toughness of LATP sintered at 

different temperatures, LATP:Si, LLZO and LLTO in varied charging state via indentation 

method all obtained with load control mode are shown in the Table 4.10. It can be seen that the E, 

H and KIC of the selected materials are in good agreement with the reported results.  

 

The elastic moduli of LATP and LLZO are in a similar range of around 120 GPa, whereas the 

elastic modulus of LLTO is significantly higher being up to 180 GPa. Similarly, the hardness of 

LATP and LLZO is both around 9.5 GPa, while the hardness of LLTO material is in the range of 

14.6 to 18.2 GPa depending on the charging state. The LLTO material is mainly in cubic crystal 

structure, whereas the LATP material is in rhombohedral structure and LLZO is in both cubic 

and tetragonal structure, which results in the higher elastic modulus and hardness of LLTO than 

that of LATP and LLZO materials. The fracture toughness of LATP samples is higher than that 

of LLZO and LLTO materials (~ 1 MPa·m1/2), whereas the KIC LATP sintered at lower 

temperature can’t be measured due to the indentation-induced crushing. The LATP mixed with 

SiO2 was manufactured to investigate the fracture reliability compared to that of pure LATP [12]. 

As reported in the literature [12], the characteristic fracture stress σ0 and Weibull modulus m of 

pure LATP is in the range of 30 to 130 MPa and 5 – 12, respectively. Thus, the addition of SiO2 

is beneficial for improving the fracture reliability of the LATP material. As can be seen in Table 

4.10, the elastic modulus and hardness of the hot pressed LATP materials sintered at 950 °C at 

30 mN are 118 ± 5 GPa and 9.3 ± 0.3 GPa, respectively. Taking the deviation into consideration, 
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it can be concluded that the E and H of LATP:Si sintered at 920 °C are similar like that of LATP 

950 °C, which demonstrated that the SiO2 additive has no distinct effect on the elastic modulus 

and hardness.  

 

Regarding planar micro-batteries, where the thickness of the electrolyte can be a few microns 

(with a total unit cell thickness of < 20 μm) [9], the preferred orientations of the electrolyte ought 

to be selected to achieve better separation and support for the electrodes. LATP material has a 

rhombohedral crystal structure which potentially behaves anisotropic properties [126, 164]. 

Thus, the anisotropy of the mechanical properties of LATP sintered at 1100 °C which possessed 

the highest ionic conductivity was investigated, via indentation method with depth control mode 

of 300 nm. As shown in Fig. 4.11 the elastic modulus and hardness of LATP 1100 °C is highest 

at basal plane of 150 ± 3 GPa and 10.0 ± 0.2 GPa, respectively, whereas that of LATP 1100 °C 

the lowest at prismatic plane of 107 ± 4 GPa and 5.5 ± 0.3 GPa, respectively. Based on the 

nanoindentation mapping test the average elastic modulus and hardness is calculated as 131 ± 4 

GPa and 8.3 ± 0.3 GPa, respectively. This implies the mechanical properties at 30 mN, as shown 

in Table 10, are close to the average properties, which manifests that it is reasonable that the 

elastic modulus and hardness of LATP at 30 mN is in between the values of elastic modulus and 

hardness of LATP basal plane and prismatic plane. The experimental variation tendency of 

LATP 1100 °C agrees well with the models’ prediction. It can be found that the results from load 

control mode locate in the range of that from depth control mode, which implies that in order to 

obtain the intrinsic mechanical properties via indentation method low load needs to be applied. 

The LLTO material is in cubic phase and LLZO material is in mixed cubic and tetragonal phases, 

which implies the anisotropy effect is not strong on these two materials, nevertheless, their 

anisotropic mechanical properties might be investigated in future work. 

 

As the fracture strength of pure LATP has been reported by Jackman et al. [12], the tape 

casting LATP:Si was tested via B3B method to investigate the fracture reliability to see if the 

mechanical properties can be improved with the SiO2 binder. In addition, the fracture reliability 

of LLZO was studied in this work via ROR test since the mechanical properties like elastic 

modulus, hardness and fracture toughness of LLZO has already been reported [13, 14].  
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With respect to the LLZO material the elastic modulus via ROR test is calculated as 67 ± 9 

GPa, which is significantly lower than the one obtained via indentation, indicating a strong effect 

of pores and pores distribution in case of ROR testing. Due to the B3B test method limitation the 

bending elastic modulus of LATP:Si can’t be calculated. The Weibull modulus and characteristic 

fracture strength of LATP:Si and LLZO material are 12.8 and 168 ± 8 MPa, 6.4 and 55 ± 1 MPa, 

respectively.  

 

The Weibull theory predicts a size effect on strength, i.e. the strength decreased with 

increasing effective volume. The effective volume of LATP:Si can be calculated via online 

software [201] as 0.265 mm3, while the effective volume of LLZO was calculated to be 7.5 mm3 

[139]. As shown in Fig. 4.20 and Fig. 4.31, that the pore inside the sample appearing as the crack 

origin is similar for both LATP:Si and LLZO materials.  Using equation 4.1 the referred fracture 

strength of LATP:Si and LLZO with 1 mm3 volume is 151 MPa and 75 MPa, respectively, which 

indicates potential advantages of the LATP:Si material. It can be seen that the Weibull moduli of 

LATP:Si and LLZO are in a similar range as for other ceramic materials, i.e. 5 to 20 [249]. The 

Weibull statistics of LATP:Si and LLZO here can be used as a reference for further LATP and 

LLZO materials design and as a comparison in probabilistic maximum stress calculations for 

simulations of components. 

 

Overall, comparing the mechanical results of the materials in this work, it can be found that 

the LLTO possesses a higher elastic modulus and hardness than the LATP and LLZO material 

which can be ascribed to the crystal structure difference, whereas the LLTO and LLZO materials 

possess similar fracture toughness and LATP possesses higher fracture toughness. Regarding to 

the hot-pressed LATP materials with higher sintering temperature at 1100 °C, the material shows 

both higher ionic conductivity and mechanical properties. In addition, the orientation effect on 

the LATP 1100 °C is investigated revealing that both elastic modulus and hardness are higher at 

basal plane than that at prismatic plane. Results of fracture reliability of tape casting LATP:Si 

and LLZO materials based on the statistical analysis indicate that the LATP:Si material is more 

tolerable to fracture behavior than the LLZO material of which the Weibull statistics can be used 

as reference for future material improvement. Furthermore, the charging state effect on the 

LLTO material is studied demonstrating that the uptake and release of Li-ion in LLTO 
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electrolyte can result in the ionic conductivity and mechanical properties variation, which is 

related to the change in lattice parameter.  
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5. Conclusions and Outlook 

The investigation of the mechanical behavior of solid electrolyte materials is necessary to 

assisting materials selection and engineering optimization for stabilization of renewable lithium 

ion batteries. For this purpose, three types of solid electrolytes, NASICON type Li1+xAlxTi2-

x(PO4)3, garnet type Li7La3Zr2O12, perovskite type Li0.33La0.57TiO3, were chosen due to the 

promising electro-chemical properties. To widen the understanding of the mechanical properties 

of LATP materials, the hot-pressed LATP materials sintered at various temperatures in the range 

of 950 °C to 1100 °C were selected to investigate sintering temperature effects. Meanwhile the 

LATP sintered at 1100 °C, which revealed higher mechanical properties then the other LATP 

samples, was selected to study the grain orientation effect related to the rhombohedral crystal 

structure. Since the fracture strength of pure LATP has been reported by Jackman et al. [12], the 

tape casting LATP:Si was selected here to investigate the fracture reliability and to see if the 

mechanical properties can be improved with the SiO2 binder. Since the mechanical properties 

like elastic modulus, hardness and fracture toughness of LLZO have already been reported [13, 

14], the LLZO was chosen here only to investigate the fracture reliability and gain lifetime 

prediction data. The voltage state effect on the mechanical behavior of LLTO material was 

also reported in this work due to the intensive promotion and increasing attention regarding the 

mechanical properties of this material [15-17]. 

 

 Sintering temperature effect on mechanical properties of Li1.3Al0.3Ti1.7(PO4)3 material 

 

With the aim of understanding the temperature effect on the mechanical properties of the 

Li1.3Al0.3Ti1.7(PO4)3 material, LATPs sintered at different temperatures (950, 1000, 1050, 1100 

°C) were characterized in this work. The grain sizes of the four samples were similar, whereas 

the amount of secondary phase and density increased as sintering temperature rose. LATP 

sintered at 1100 °C showed the highest conductivity, 1.83×10-4 S/cm, compared to the others. 

The elastic moduli of the LATP samples were 118 ± 5, 120 ± 6, 121 ± 7 and 127 ± 10 GPa, 

respectively. The hardness values of LATPs sintered at different temperatures were 9.3 ± 0.3, 9.6 

± 0.7, 9.6 ± 0.4 and 9.8 ± 0.8 GPa, respectively. The higher elastic modulus at low load of LATP 

sintered at higher temperature was related to the increase of the lattice parameter c*. The 
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decreasing of the elastic modulus and hardness with the increasing of load was related mainly to 

an increase in porosity. The fracture toughness, KIC, of LATP sintered at 1050 and 1100 °C were 

characterized to be 1.4 ± 0.2 and 1.6 ± 0.2 MPa∙m1/2, respectively. The value for the LATP 

sintered at a higher temperature was slightly higher probably again due to the lattice parameter. 

Obviously to confirm the effect of the porosity on the mechanical measurements assessment of 

the global properties via use of higher indentation loads or optional impulse excitation or 

bending tests would be an asset. However, main aim should be to obtain materials in the densest 

possible state, rendering values obtained at low loads rather important.  

 

 Orientation effect on mechanical properties of Li1.3Al0.3Ti1.7(PO4)3 material 

 

The anisotropy of the mechanical properties of the solid electrolyte material LATP was 

investigated in this work via indentation mapping test in a depth control mode at room 

temperature with associated EBSD characterization. The LATP ceramic electrolyte with a 

rhombohedral crystal structure was studied and the imprints after indentation were analyzed. For 

this aim the LATP sintered at 1100 °C, which possessed the highest ionic conductivity, was 

selected. The experimental elastic moduli and hardness values as a function of rotation angle 

from basal plane to prismatic plane were assessed and compared with those predicted by the 

Vlassak-Nix and easy-slip model, respectively, which were used to calculate a theoretical 

modulus and hardness ratio, respectively. Noticeable anisotropic mechanical properties of LATP 

material were observed. The experimental elastic modulus and hardness of LATP 1100 °C 

showed a similar trend, i.e. that the rotation angle φ2 between two prismatic (101ത0) type planes 

had no detectable influence, whereas when the rotation angle Φ from basal plane to prismatic 

plane increased, E and H value decrease conspicuously. The comparison of experimental results 

and theoretical calculation was discussed only in terms of the rotation angle Φ, since the angle Φ 

appears to be the dominant factor on the mechanical properties of LATP 1100 °C. The 

experimental indentation modulus fitted well with the prediction of the Vlassak-Nix model, yet 

the model showed an around 10% higher extremum (118 - 177 GPa) than the experimental 

results (114 - 160 GPa). The experimental hardness was normalized to compare with the 

hardness ratio from the easy-slip model and the trend of both results was comparable. Besides, 

more experimental data points could be gained in future work, especially results around Φ = 0°.  
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 Fracture reliability of Li1.5Al0.5Ti1.5P3O12:SiO2 material 

 

To assess the fracture reliability of LATP materials, the Li1.5Al0.5Ti1.5P3O12 mixed with SiO2 

was sintered achieving a high density, which allowed reliable investigating of the macroscopic 

mechanical properties. The elastic modulus and hardness at 30 mN were 109 ± 5 GPa and 8.7 ± 

0.4 GPa. Besides, the fracture toughness of LATP:Si 3 N and 5 N were calculated of 1.1 ± 0.3 

and 1.2 ± 0.3 MPa∙m1/2, respectively. The fracture strength，168 MPa, and Weibull modulus, 13, 

of LATP:Si had been investigated, which can provide the basis for future macroscopic modeling 

of LATP components in solid state batteries. The mechanical measurements of LATP:Si 

demonstrate that an improvement of the mechanical properties can be achieved by densifying the 

structure and reducing the grain size. 

 

 Fracture reliability of Li7La3Zr2O12 material and lifetime prediction  

 

The mechanical properties and further lifetime of Li7La3Zr2O12 material are to be understood 

for simulation and optimization of batteries adopted LLZO applied in demanding working 

conditions. The LLZO (2 mol% Al doping and 40 mol% Ta) possessing pure garnet phase was 

investigated by indentation and ROR tests regarding its mechanical properties. The subcritical 

crack growth sensitivity at room temperature was assessed using ROR tests for different loading 

rates. The indentation elastic modulus and hardness at 30 mN were 117 ± 4 GPa and 9.4 ± 0.5 

GPa, respectively, and the fracture toughness was around 1 MPa·m1/2. As might be expected, the 

local indentation obtained elastic modulus is higher than the global one from ROR test, which 

can be attributed to a stronger effect of pores and pores distribution. The crack propagation path 

was both intergranular and transgranular. Fracture stresses show a large scatter reflected in a 

Weibull modulus of 6, however, the material was not susceptive to SCG effects. An estimate of a 

critical defect size based on fracture toughness and strength yields a value of ~ 180 µm being in 

agreement with the fractographic observation. The stress for a tolerable failure probability is 

derived; yielding for example that the stress should not exceed 21 MPa for 3 years lifetime to 

guarantee a failure probability of 1%.  
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 Voltage effect on mechanical properties of Li0.350La0.557TiO3 material 

 

Perovskite electrolyte Li0.350La0.557TiO3 disks were synthesized by the high temperature 

solid reaction. The voltage of samples (vs. Li/Li+) is controlled by charging (or 

discharging) process. LLTO-3.2V, LLTO-4.0V, and LLTO-4.5V exhibited a pure cubic 

structure, whereas impurity LiTiO2 is observed for LLTO-0.2V. The total ion conductivity of 

LLTO-3.2 V is 9.55×10-5 Scm-1, which was mainly determined by the grain boundary. The E, H 

and KIC of LLTO at different voltages were tested and the same trend was shown, i.e., 

since both the conductivity and fracture toughness were proportional to the lattice parameter, the 

elastic modulus and hardness were inverse proportional to the lattice parameter and hence 

behave opposite to conductivity and fracture toughness. The E and H of the as-sintered sample 

LLTO-3.2V are the lowest of 153 GPa and 14.6 GPa, respectively. For the KIC of all samples 

values around 1 MPa∙m1/2 were obtained, exhibiting a slightly contrary trend to that of the E 

and H results. These results provide a basis for further simulation and optimization of LLTO in 

real battery cells application. 

 

Overall, comparing the mechanical results of the materials in this work, it can be concluded 

that the LLTO possesses a higher elastic modulus and hardness than the LATP and LLZO 

material, which can be ascribed to the crystal structure difference, whereas the LLTO and LLZO 

materials possess similar fracture toughness and LATP has higher fracture toughness. The hot-

pressed LATP materials with higher sintering temperature of 1100 °C show both higher ionic 

conductivity and mechanical properties. In addition, the orientation effect on the LATP 1100 °C 

is investigated revealing that both elastic modulus and hardness are higher at basal plane than 

that at prismatic plane. Results of fracture reliability of tape casting LATP:Si and LLZO 

materials based on the statistical analysis indicate that the LATP:Si material is more tolerable to 

fracture behavior than the LLZO material of which the Weibull statistics can be used as 

reference for future material improvement. Furthermore, the charging state effect on the LLTO 

material is studied demonstrating that the uptake and release of Li-ion in LLTO electrolyte can 

result in the ionic conductivity and mechanical properties variation which is related to the change 

in lattice parameter. This work deepens comprehension of the mechanical properties of the solid 
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electrolytes which broadens the application of the materials and provides the data base for further 

materials development and battery cell advancement. 

 

 Outlook 

 

Collectively, this work provides selected basic mechanical property information of the chosen 

materials; however, still further investigations are advised addressing the electrolyte materials’ 

mechanical properties which would aid potential application. Sintering effects and materials 

optimization can be aim of future mechanical characterization in support of materials 

development. New, promising materials should always be considered in future studies, where 

also electrodes and their interaction and interface with electrolyte materials in particular after 

cyclic operation appear to be important aspects. 

 

In order to understand and predict grain orientation effects on mechanical properties of 

rhombohedral electrolyte material the models should be improved, especially the “easy-slip” 

model, which would be in particular benefit for the application of the electrolytes in micro-

batteries. Combining the improved models, potential anisotropy effects on the electrolyte 

materials like LLZO, LLTO and other materials might be studied in combination with 

experimental testing. Furthermore, for practical application, it’s favorable to investigate the 

subcritical crack growth effect as well as the lifetime prediction of the LATP and LLTO.  

 

The micro-pillar splitting method, which receives increasing attention [13, 144, 256, 257], can 

be used to derive the fracture toughness for not only LATP, LLZO, LLTO on the level of single 

grains, but also other electrolyte materials. Furthermore, the electrochemical effect on the 

mechanical properties of electrolyte (the stress and strain variation due to the charge/discharge 

process) needs to be investigated to deeply understand the failure mechanism of the electrolytes 

and to help improving the battery monitoring system. Moreover, in practical applications, the 

battery might be working in conditions below and above room temperature, thus the mechanical 

properties of electrolytes at different operation relevant temperatures should be of concern. 
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Abstract 

All solid-state lithium-ion batteries (ASSLIBs) being based on solid state electrolytes are at 

present regarded as a promising alternative for conventional batteries on account of their higher 

ionic conductivity, energy density as well as higher chemical stability and safety. The solid 

electrolytes are expected to possess enhanced ionic conductivity and in addition a mechanical 

stability that warrants a safer separation of electrodes and is envisaged to permit them to 

withstand long-term cycling operation. However, in contrast to the widely investigated electro-

chemical properties of solid electrolytes, the mechanical properties, which are important for 

long-term reliability, need to be studied deeper. Hence, the main aim of this work is the 

mechanical characterization of respective ceramic materials as candidates for solid electrolytes 

and the relationship to materials’ microstructures. For this purpose three types of solid 

electrolytes, NASICON type Li1+xAlxTi2-x(PO4)3 (LATP), garnet type Li7La3Zr2O12 (LLZO), 

perovskite type Li0.350La0.557TiO3 (LLTO), were chosen due to their previously verified 

promising electro-chemical properties.  

 

With the aim of understanding the mechanical properties of the LATP material, LATPs 

sintered at different temperatures (950 – 1100 °C) were characterized via indentation method in 

this work. The results revealed that LATP sintered at higher temperature possesses higher elastic 

modulus, hardness and fracture toughness. The anisotropy of the mechanical properties of the 

solid electrolyte material LATP sintered at 1100 °C was investigated in this work via indentation 

mapping test in a depth control mode at room temperature with associated EBSD 

characterization. The experimentally derived elastic modulus and hardness of LATP show 

similar trends, i.e. that the rotation angle between two prismatic type planes had no detectable 

influence, whereas when the rotation angle from basal plane to prismatic plane increased, elastic 

modulus and hardness value decrease conspicuously.  

 

Furthermore, to assess the fracture reliability of electrolytes, Li1.5Al0.5Ti1.5P3O12 mixed with 

SiO2 (LATP:Si) and a LLZO material were selected to investigate the macroscopic mechanical 

properties, concentrating on fracture strength and Weibull modulus. The Weibull moduli of 

LATP:Si and LLZO are in a similar range as for other ceramic materials, whereas the fracture 
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strength of LATP:Si is higher than that of LLZO, which indicates potential advantages of the 

LATP:Si material. Due to materials availability the stress for a tolerable failure probability was 

only derived for the LLZO electrolyte; yielding for example that the stress should not exceed 21 

MPa for 3 years lifetime to guarantee a failure probability of 1%.     

 

As the electrolytes in all-solid-state lithium batteries are to be operated under cyclic voltage 

condition that are associated with chemical expansion effects, exemplified for LLTO, a material 

being close to application, voltage effects on mechanical properties were studied. Elastic 

modulus, hardness and fracture toughness of LLTO at different voltages were tested, 

revealing the same trend, i.e., both conductivity and fracture toughness were proportional to 

the lattice parameter, elastic modulus and hardness were inversely proportional to the lattice 

parameter and hence behave opposite to conductivity and fracture toughness. 

 

Overall, the investigation of the effects of sintering temperature, grain orientation and charge 

state on the mechanical behavior of the electrolytes as well as the fracture reliability study aid an 

understanding of the mechanical properties of the materials and provide a data base for further 

improvement of design and processing of battery materials and cells. 
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Kurzfassung 

Li-Ionen Gesamtfestkörperbatterien (ASSLIBs) basierend auf Festkörperelektrolyten werden 

derzeit als vielversprechende Alternative zu konventionellen Batterien angesehen, sowohl 

aufgrund ihrer höheren ionischen Leitfähigkeit und Energiedichte als auch ihrer höheren 

chemischen Stabilität und Sicherheit. Es wird erwartet dass die Festkörperelektrolyte eine 

erhöhte ionische Leitfähigkeit und zusätzlich mechanische Stabilität besitzen, die eine 

zuverlässige Trennung der Elektroden sicherstellen, und es voraussichtlich erlaubt Langzeit-

zyklischem Betrieb zu widerstehen. Jedoch, im Gegensatz zu den weitreichend untersuchten 

elektrochemischen Eigenschaften bedürfen die mechanischen Eigenschaften, welche für die 

Langzeitzuverlässigkeit wichtig sind, noch vertiefter Studien. Daher ist das Hauptziel dieser 

Arbeit die mechanische Charakterisierung der entsprechenden keramischen Materialien als 

Kandidaten für Festkörperelektrolyte and den Zusammenhang zu den Material-Mikrostrukturen 

zu untersuchen. Mit diesem Ziel wurden drei Arten von Festkörperelektrolyten untersucht, 

NASICON Typ Li1+xAlxTi2-x(PO4)3 (LATP), Granat Typ Li7La3Zr2O12 (LLZO), Perowskit Typ 

Li0.350La0.557TiO3 (LLTO), diese wurden ausgewählt aufgrund der vorherig verifizierten 

vielversprechenden elektrochemischen Eigenschaften. 

 

Mit dem Ziel die mechanischen Eigenschaften des LATP Materials zu verstehen wurden in 

dieser Arbeit LATPs, gesintert bei unterschiedlichen Temperaturen (950 – 1100 °C), mittels 

Härteeindrucksprüfung charakterisiert. Die Resultate zeigten dass LATPs gesintert bei höheren 

Temperaturen einen höheren elastische Modul, Härte und Risszähigkeit besitzen. Die 

Anisotropie der mechanischen Eigenschaften des bei 1100°C gesinterten Festköperelektrolyt-

Materials wurden in dieser Arbeit mittels einer Härteeindrucks-Kartierung in einem tiefen-

kontrollierten Modus bei Raumtemperatur untersucht, mit unterstützen der EBSD-

Charakterisierung. Die experimentell hergeleiteten elastischen Moduli und Härtewerte zeigten 

ähnliche Tendenzen, d.h. dass der Rotationswinkel zwischen den zwei prismatischen Ebenen 

keinen messbaren Effekt hatte, wohingegen im Fall, dass der Rotationswinkel von der basalen 

Ebene zur prismatischen Ebene erhöht wurde, elastischer Modul und Härtewert sich auffällig 

verringerten. 
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Zusätzlich wurde, um die Versagenszuverlässigkeit der Elektrolyte zu beurteilen, 

Li1.5Al0.5Ti1.5P3O12 gemischt mit SiO2 (LATP:Si) und ein LLZO Material ausgesucht zur 

Analyse der makroskopischen mechanischen Eigenschaften, dabei konzentrierend auf 

Bruchfestigkeit und Weibull Modul. Die Weibull Moduli von LATP:Si und LLZO waren in 

einem ähnlichen Bereich wie die anderer keramischer Materialien, wohingegen die 

Bruchfestigkeit von LATP:Si höher war als die von LLZO, welches potentielle Vorteile des 

LATP:Si Materials impliziert. Aufgrund der Materialverfügbarkeit wurde die Spannung für eine 

tolerierbare Versagenswahrscheinlichkeit nur für den LLZO Elektrolyt hergeleitet, welches ergab 

dass zum Beispiel für eine Lebensdauer von 3 Jahren mit garantierter 

Versagenswahrscheinlichkeit von 1% die Spannung 21 MPa nicht übersteigen sollte. 

 

Da Elektrolyte in Li-Festkörperbatterien unter zyklischen elektronischen 

Spannungsbedingungen betrieben werden, welches mit chemischen Dehnungseffekten assoziiert 

ist, wurden exemplarisch für LLTO, einem anwendungsnahen Material, Spannungseffekte auf 

die mechanischen Eigenschaften studiert. Elastischer Modul, Härte und Bruchzähigkeit von 

LLTO bei unterschiedlichen elektronischen Spannungen wurden getestet, welches ähnliche 

Tendenzen offenbarte, d.h. sowohl Leitfähigkeit als auch Risszähigkeit waren proportional zur 

Gitterkonstante, elastischer Modul und Härte waren umgekehrt proportional zur Gitterkonstante 

und verhielten sich damit gegensätzlich zu Leitfähigkeit und Risszähigkeit.  

 

Die Untersuchungen des Effekts von Sintertemperatur, Kornausrichtung und Ladungszustand 

sowohl auf die mechanischen Eigenschaften der Elektrolyte als auch die 

Versagenszuverlässigkeit tragen zum Verständnis der mechanischen Eigenschaften der 

Materialien bei und stellen eine Datenbasis zur Verfügung zur weiteren Verbesserung von 

Design und Prozessierbarkeit von Batteriematerialien und Zellen. 
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