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Abstract

Free-standing LiisAlosTi1.5P3012 electrolyte sheets with a thickness of 50—150 um were prepared by tape
casting followed by sintering at 850—1000 °C in air. While a sintering temperature of 850 °C was too low to
achieve appreciable densification and grain growth, a peak relative density of 95 % was obtained at 920 °C.
At higher sintering temperatures, the microstructure changed from a bimodal grain size distribution towards
exclusively large grains (> 10 um), accompanied by a decrease in relative density (down to 86 % at 1000 °C).
In contrast, ionic conductivity increased with increasing sintering temperature, from 0.1 mS/cm at 920 °C to
0.3 mS/cm at 1000 °C. Sintering behavior was improved by adding 1.5 % of amorphous silica to the slurry. In

this way, almost full densification (99.8 %) and an ionic conductivity of 0.2 mS/cm was achieved at 920 °C.



Mechanical characterization was carried out on the almost fully densified material, yielding elastic modulus
and hardness values of 109 and 8.7 GPa, respectively. The fracture strength and Weibull modulus were also
characterized. The results confirm that densification and reduction of grain size improve the mechanical

properties.
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Introduction

The increasing interest in batteries with solid electrolytes has led to the development of many new fast ion
conductors in recent years, for example Li"-conducting sulphides [1, 2], thiophosphates [3, 4, 5], argyrodites
[6, 7, 8], Na'-conducting thiophosphates [9, 10], and NaSICONSs [11, 12], to mention just a few. Among the
oxides and phosphates, however, there are still only three types of solid electrolytes with similar fast ion
conduction: the family of NaSICON-type materials [13,14], the perovskites [15, 16], and the wide variety of
garnet materials [17,18]. Among the group of NaSICON-type materials, the highest ionic conductivity of up
to 5 mS cm™! has been reported for Li; sAlysGe1 sP3012 [19, 20], but its wider application can be ruled out due
to its usage of the very expensive raw material germanium. Typically, conductivity values have been obtained
on the basis of pressed and sintered thick pellets, which is the simplest way to produce ceramic bodies. As
soon as more sophisticated processing techniques become involved — for example in studies on shaping and
engineering the ceramic sheets, layers, or tubes — only a limited number of studies have been published. In
many cases, it has not been possible to reproduce high conductivity values for thin sheets or more complex
structured bodies [19, 21, 22], often due to the lower density of the fabricated components. In the case of
NaSICON-type materials, only a few reports on ceramic processing are available. Tape casting has been used
more frequently [19, 22,23,24,25,26, 27] than other fabrication techniques such as extrusion [28] or aerosol
deposition [29]. The present study discusses the preparation and characterization of tape-cast

LiisAlosTi15(PO4)s (LATP) sheets. A comparison of tape-cast Li-NaSICON materials is provided in Table 1.

Table 1: Comparison of room temperature conductivities of tape-cast Li-NaSICON layers

owwal / mS cm™ | Layer thickness / um Ref.
Li;3Alo3Ti1.7P3012 0.06 20 [23]
Li1.7Alo3Ti1.7Si0.4P26012 + 5 wt.% Li excess | 0.43 52 [21]
Li13Alo3Ti1.7P3012 + 0.5 mol% AIPO4 0.18 40 [24]
Li1.4Alo.4Ge1.6P3012 0.34 75 [25]
Li14Alp4Ger.6P3012 +5 wt.% TiO2 0.84 200 [26]
Lii5Alo.5Ger.sP3012 0.64 200 [19]




In addition to high ionic conductivity, the mechanical properties of solid electrolytes must facilitate reliable
handling of the components and safe operation under application-relevant conditions, for instance applying
pressure to the cell stack. This requires characterization of the following aspects: elastic modulus (£), which
couples induced strains and failure-relevant stresses; hardness (H); as a limit of plasticity, strength as a measure
of sustainable strains and crack growth resistance (Kr); as a measure of the crack growth resistance.
Particularly, Monroe and Newman [30] notably emphasized the importance of the elastic properties of
materials to be used in batteries. According to their work, in order to prevent the formation of dendrites at the
Li electrode/solid electrolyte interface during cycling, the shear modulus of the solid electrolyte should be
more than twice the shear modulus of Li metal (4.25 GPa). Based on the literature, it appears that the elastic
modulus of LATP is sufficient to satisfy these boundary conditions, being in the range of 81-115 GPa; the
hardness of LATP is around 7.8 GPa and the crack growth resistance around 1 MPa-m"? [31-33]. Nevertheless,
more recent studies suggest that elastic properties alone are not sufficient as a selection guideline; crack growth
resistance must also be considered [34-37]. For brittle materials that possess an inherent scatter in fracture
stresses, a fracture-based reliability analysis is of paramount importance, since safety factors are the most
uncertain aspect of a designs for these materials [38, 39]. In real application, the electrolyte experiences stress
and comes into contact with other materials. The probability distribution of structural strength and lifetime is
known to follow a Weibull distribution, determining the time or load related to a tolerable failure probability
[40]. Since porosity has a significant impact on the mechanical behavior of a material [41, 42], the mechanical
properties of the densest material is chosen in this work for the mechanical assessment.

For this study, free-standing LiisAlosTiisP3O12 electrolyte sheets with a thickness of 50-150 pm were
produced using a tape casting method followed by sintering at different temperatures. The composition,

microstructure, ionic conductivity and mechanical properties of the LATP sheets were investigated.

Experimental

The LATP powder was prepared by means of a solution-assisted solid state reaction, as described elsewhere
[43] and was calcined at 750 °C. After calcination, the powder was ball-milled in ethanol with ZrO; balls for
24 h, then dried at 80 °C for another 24 h and subsequently mortared to obtain the fine-grained quality required

for further use. The particle size (0.7 um average) and surface area (15.23 m? g'!') were determined by means
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of dynamic light scattering and the Brunauer—-Emmett—Teller (BET) method, respectively. For the preparation
of electrolyte sheets by tape casting, 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.). For electrolyte sheets with sintering additives, 1.5 % of
an amorphous SiO; nano-powder (Alfa Aesar) was added to the mixture, hereafter abbreviated as LATP:Si.
The homogenized dispersions were degassed at 20 kPa for 10 minutes and then cast using a tape-casting
machine (KARO Cast 300-7 from KMS, Automation GmbH, Germany) with a slit height of 150 — 400 um
and a drawing speed of 3 mm/s. The cast foils were dried and cut into circular discs that were sintered in air
at temperatures of 850 — 1000 °C for 1 h on a quarzglas substrate, resulting in 50 — 150 um thick sheets. For
the sintering the samples were heated up to 500 °C with slow heating rate of 1 K/min and then up to and
sintering temperature Ts (850 — 1000 °C) with heating rate of 5 K/min in air under normal pressure of 1 bar.
While different dwell time between 1h and 6h did not change the density and shrinkage of the disks, we
decided to use 1 h for sintering time. The sintering temperature and corresponding density together with ionic
conductivity of the disk are summarized in Table 3.

The tape-cast sheets were analyzed using thermogravimetry (TG) and differential scanning calorimetry (DSC)
with a heating rate of 300 K/h. A Netzsch STA 449F1 differential thermal analyzer, coupled with a mass
spectrometer, was used to obtain measurements. The DSC and TG measurements were performed in ambient
air. Volatile species were continuously detected by the mass spectrometer during the measurement process.
The sintered disks were analyzed by means of X-ray diffraction analysis (XRD) using a D4 ENDEAVOR
(Bruker AXS) with Cu-Ka radiation. The density was determined using the Archimedes method. A Zeiss
SUPRA 50 VP scanning electron microscope was used to perform scanning electron microscopy (SEM)
investigations. For the purposes of microstructural characterization, the fracture surfaces of freshly broken
discs were sputter-coated with a thin layer of iridium. For the AC impedance measurements, platinum
electrodes were sputtered on both faces of the disks. The samples were then placed in a two-electrode high-
voltage sample cell (Novocontrol, BDS 1200, Hundsangen, Germany). AC impedance data were collected
using a Novocontrol Alpha-AK impedance analyzer. The analyzer was connected to a ZG2 test interface
(Novocontrol). The measurements were carried out in temperature range of -120 °C to 100 °C, controlled by

a Quatro Cryosystem (Novocontrol).



For the purposes of indentation testing, a LATP:Si pellet was embedded in water-free epoxy resin and polished
to derive E, H, and K. The specimen was polished with 400 to 4000 grit sandpaper and water-free
polyethylene glycol (PEG) polishing suspensions with 0.2 um SiO.. A water-free polishing system was
adopted to prevent proton/lithium exchange due to water absorption; therefore, this was not expected to have
a significant impact on the mechanical properties. Indentation testing is a commonly used method for
determining the mechanical properties of ceramic materials, particularly in energy-related applications [44—
46]. Indentation experiments were carried out here using a Fischer instrument (Fischerscope H100 Micro
Tester) with a Vickers tip. To obtain the intrinsic £ and H values of the LATP:Si, different loads were applied
ranging from 30 to 500 mN. At each load, 10 indentations were performed to obtain a representative average
and deviation. The holding period was 1 s and the acquisition rate was 10 Hz. E and H were evaluated from
the indentation load—displacement curve according to the Oliver—Pharr method [47]. A value of 0.25 was used
for Poisson’s ratio of LATP:Si [48].

Crack growth resistance values were determined by means of the conventional Vickers indentation method
[49] using a microhardness tester (Micromet 1, Buehler Ltd.). Crack lengths induced by the Vickers
indentation imprint were measured via an optical microscope immediately after indentation to avoid subcritical
crack growth effects. Loads of 3 N and 5 N were applied to induce cracks with sufficient length for toughness
calculation. For each load, at least 5 indentations were employed. Crack growth resistance is determined by
measuring the lengths of cracks emanating from the corners of indentations at a given load, where the model
for the Kz calculation is dependent on the crack type [50]. In this study, the ratio of measured crack length (/)
to indentation imprint half-diagonal (a) matched with the median crack model (c/a > 2.25, where ¢ = a + ),
and therefore the Anstis equation was adopted [51]:

P
“(a+D)3/? (1)

Kq = 0.016 (5)1/2
where P is the load.
The biaxial bending strength of LATP:Si pellets was investigated via the ball-on-three-balls (B3B) test. In the
B3B test, a rectangular plate (or disc) is symmetrically supported by three balls at one plane and loaded by a

fourth ball in the center of the opposite plane. More details about the test can be found elsewhere [52, 53]. In

the present case, all four balls had a diameter of 5 mm and 13 specimens were cut into 6.6 x 7.1 x 0.2 mm?



rectangular plates for the test. A pre-load of 1 N was applied to hold the specimen between the four balls. The
tests were then 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 fracturing occurred and the fracture load was used to calculate the maximum tensile biaxial
stress in the specimen at the moment of fracture; see [52, 53]. To characterize the reliability of the ceramic
materials, the probability of failure Prof the ceramic materials was analyzed using a two-parameter Weibull

distribution [54]:

Pr=1-exp[-(2)"] @)

In the equation, op is the characteristic strength, i.e. the stress for which the survival probability is 0.37; and
m is the Weibull modulus, which indicates how rapidly the stress changes with probability, i.e. the variability

of the fracture stresses.

Results and Discussion

Sintering conditions, thermal stability, and microstructure

The green tapes were analyzed by means of DSC and TG analysis to identify the crystallization temperature
and mass loss related to removal of the organic compounds. A representative DSC/TG measurement of LATP
and LATP:Si tapes is shown in Figure 1. Organic additives were removed in two major processes. According
to the data collected from the mass spectrometer, the both DSC signals at 273 °C and 319.6 °C, as well as
mass loss between 180°C and 300 °C were related to the pyrolysis of the polyvinylbutyral resin. Various
organic molecules such as propylene, ethylene, carbon dioxide, and water were detected by means of mass
spectrometry. Residual carbon was then removed between 350 °C and 500 °C, where only carbon and carbon
dioxide signals were observed in the mass spectrum. A distinct signal recorded at 783 °C was most likely

related to the crystallization of LATP [55].
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Figure 1: DSC/TG measurement of (a) LATP and (b) LATP:Si green tapes. The heating rate was 5 K/min
up to 1000 °C. The indicated temperatures refer to multi-step combustion processes of organic additives
and crystallization at higher temperatures.

The tapes were then sintered at various temperatures from 850 °C to 1000 °C to identify optimal conditions
for densification. After sintering, the XRD patterns were recorded to detect secondary phases, which are
common in LATP-type ceramics [55] (see Figure 2). All samples show a rhombohedral structure (space group
R3c) of LATP as the main phase. Tapes sintered in the temperature range of 850-920 °C contain small amounts
(< 5 vol. %) of AIPO4 as a secondary phase, whereas tapes sintered at 970°C and above are almost single
phase. Relative densities of more than 90 % were achieved for most sintering temperatures. The highest density
(95.3 %) was achieved for a sintering temperature of 920 °C. Above that temperature the density decreased
rapidly to 86.7 % at 1000 °C. Figure 3 shows SEM micrographs of the fracture surfaces of the sintered tapes.
All samples show closed porosity. Tapes sintered at 900 °C and below consist of a mixture of larger grains (>
2 um) and very small grains (< 0.5 um), whereas specimens sintered at 950 °C and higher temperatures consist
solely of much larger grains (> 10 um). The onset of the transition from normal sintering behavior to abnormal

grain growth is at temperatures of around 920 °C, where a portion of the small grains is retained.
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Figure 2: XRD patterns of LATP sheets sintered at different temperatures.
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Figure 3: SEM images of the fracture surface of LATP sintered at different temperatures.



Several reports [56-58] have indicated that the densification of LATP can be enhanced by using glass forming
additives such as SiO,. Consequently, a small amount of amorphous SiO> powder was added to the slurry. In
fact, the results of the DSC/TG measurement for this LATP:Si tape were very similar to those for the
unmodified LATP (see Figure 1). A multi-step combustion process took place in the temperature range
between 200 °C and 450 °C. Instead of a distinct process, where the crystal structure formation causes a peak
in the DSC curve, a small and broad endothermic feature appeared at about 815 °C, which is slightly higher
than the crystallization temperature observed for the unmodified LATP. To compare the densification of the
unmodified LATP with that of the LATP:Si, the sintering temperature that yielded the highest density for
LATP (920 °C) was used for thermal treatment. In contrast to the unmodified LATP, no secondary phase was
detected for LATP:Si at the sintering temperature of 920 °C in the XRD pattern (see Figure 2).

Density measurements revealed a significant increase in theoretical density to 99.8 %. This can be associated
with a mixture of interconnected large grains (> 4 um) and very small grains that fill up interstitial spaces, as
shown in the SEM micrograph in Figure 4. The microstructure is very similar to the one of the pure LATP
sheet sintered at the same conditions. The sintering temperature of 920 °C marks the onset of abnormal grain
growth, which appears to be delayed by the presence of silica: between the large grains exist more fine
particles. Handling of the LATP:Si samples had already indicated an enhanced mechanical stability before the

mechanical properties were determined.

Figure 4: SEM micrograph of the fracture surface of LATP:Si sintered at 920 °C.
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Electrical conductivity

The Nyquist diagrams of the complex impedance of LATP sintered at 920°C are presented for different
temperatures in Figures 5a and 5b. In general, they consist of three different elements: two semicircles that
represent the grain and grain boundary conduction processes, followed by a capacitive process associated with
electrode polarization [59]. The grain semicircle recorded and clearly visible at a tempareature of -120 °C is
shown in Figure 5b. The impedance spectra were fitted using an equivalent circuit shown in Figure 5c. This
circuit contained a parallel combination of resistance Rg, and a constant-phase element CPEg describing the
bulk ion transport in the grains. The grain boundary properties are represented by a parallel combination of a
resistance Rgs and a constant-phase element CPEgg. Finally, a constant-phase element CPEEg. related to the
electrode polarization. A contribution of parallel grain-boundary conduction was neglected due to the large

average grain size (» 200 nm). The impedance of the constant-phase element was given as Z¢pg = % (lw)™

with n < 1. Effective capacitances were extracted using Corr = QY/mR(1=M)/" [60], where R is the resistance
in parallel.

The bulk semicircle could be clearly distinguished from the grain boundary semicircle at temperatures below
-20 °C. The determined capacitancies of the bulk conduction process were in the range of
4-10'° F cm™, whereas the grain boundary capacitancies were much larger (2-10"8 F cm™). The total resistance
was dominated by grain boundary processes, that were almost two orders of magnitude more resistive than the
bulk process, leading to a total ionic conductivity of 0.1 mS/cm at 20 °C. For comparison, a bulk conductivity
of about 3 mS/cm was obtained at 20 °C, which is in very good agreement with measurements on single
crystals [55] and other polycrystalline specimens [61-64]. The resulting Arrhenius plot of the bulk and total

conductivity (here equivalent to the grain boundary conductivity) is shown in Figure 6.
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Figure 5: (a) Nyquist plots of LATP thick films sintered at 920 °C recorded at different temperatures. (b) At
a temperature of -120 °C, the contribution of bulk material and grain boundaries can be distinguished. (c)

Equivalent circuit used for the impedance analysis.
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Figure 6: Arrhenius plot of the bulk and total conductivity of LATP (100 pm) sintered at 920 °C.
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The activation energy of the grain boundary processes was approximately 350 meV, while the bulk activation
energy was even lower than 300 meV. These results are in excellent agreement with a previous studies based
on pressed pellets [13, 65].

A typical Nyquist plot of the complex impedance of LATP:Si is shown in Figure 7. Again, grain boundary
and bulk processes could be clearly separated, but only up to temperatures of -100 °C. At higher temperatures
the grain boundary process could not be separated from the bulk resistance, with the results that only the total
conductivity could be extracted. Despite this, the capacitance of the bulk and grain boundary process remained

unchanged compared to unmodified LATP.
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Figure 7: Nyquist diagram of LATP:Si tape sintered at 920 °C recorded at -100 °C.

The resulting Arrhenius plot is presented in Figure 8. The activation energy of the total conductivity was very
similar to that in the unmodified LATP tape, whereas the conductivity value doubled to yield 0.2 mS/cm at
20 °C. This 1s most likely a consequence of the increased density [64].

In the case of the bulk properties, both the activation energy and the conductivity are reduced. While the
activation energy decreased to 260 meV, the bulk conductivity at 20 °C dropped from 3 mS/cm for LATP to

1.2 mS/cm for LATP:Si (extrapolated).
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Figure 8: Arrhenius plot of the bulk and total conductivity of LATP:Si (100 um) tape sintered at 920 °C.

Mechanical properties

Since porosity can affect the mechanical behavior of ceramic materials [41, 42], the LATP:Si with the highest
density was chosen for the investigation of mechanical properties.. The commonly used indentation method
was used to test the LATP:Si for hardness, elastic modulus, and crack growth resistance, where the maximum
applied load was 500 mN (penetration depth ~ 3 um). Hence, since the pellet thickness was approximately 1
mm, any influence on the results due to the compliant embedding material can be ruled out.

Figure 9 presents the elastic modulus (£) and hardness (H) of the LATP:Si as a function of load. It can be seen
that both values decreased with increasing load. The impact of grain boundaries on the mechanical properties
increased due to the wider load-carrying zone, which appeared to decrease the apparent properties of the
material [66]. In addition, the bimodal grain size can also enhance the load dependence of mechanical
properties, as small grains induce more grain boundaries. By virtue of the low porosity, any effects resulting
from voids appeared to be negligible. The £ and H values at low load represent the intrinsic property of the
LATP:Si, whereas the values at higher load indicate the polycrystalline property. The average elastic modulus
and hardness at low load were 109 £ 5 GPa and 8.7 + 0.4 GPa, respectively. Literature values for the elastic
modulus of LATP are in the range of 81-115 GPa [30, 32] for a hardness of 7.1 + 0.4 GPa [31]. The elastic
modulus and hardness of LATP:Si as determined here appear to be slightly higher than the values reported by

Jackman and Cutler [31]. The sample investigated here had a density of 99.8%, with small grains filling the
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interstitial space of large grains, whereas the reported density of LATP was 97.0% [31] with grain sizes of
around 30 um. Additionally, in Jackman and Cutler’s study [31], the elastic modulus was measured via a ring-
on-ring test machine where the effectively deformed zone was far larger than the indentation test adopted here.
As the above results demonstrate, the larger the load-carrying zone, the lower the £ and H values obtained.

Vickers indentations were utilized in the current study to determine the crack growth resistance of LATP:Si
at different loads. It was found that below 1 N no obvious cracks could be generated, while above 10 N, the
sample surface was crushed. Hence, the crack growth resistanceof LATP:Si was tested at 3 N and 5 N. Since
the ratio of the crack length (/) to half-diagonal (@) of the imprints met with the condition (I/a = 1.25) of
median (half-penny) cracks, the equation (1) was adopted [51]. The crack growth resistancevalues of LATP:Si
derived for loads of 3 N and 5 N were 1.1 = 0.3 and 1.2 + 0.3 MPa-m'?, respectively, were therefore
independent of the applied load. Jackman and Cutler [31] reported that the crack growth resistanceof LATP
material determined by the single edge notch bending method was 1.1 = 0.3 MPa-m'?, which is in very good
agreement with that of LATP:Si characterized here. Furthermore, for comparison, the crack growth
resistanceof the garnet-type electrolyte LizLa3ZrO12 is in the range of 0.9 -1.25 MPa-m!? [67, 68] and the
corresponding value range for the perovskite-type electrolyte Lio33Laos7TiO3 is 1.15-1.24 MPa-m'? [69, 70],

which reveals that LATP:Si has a similar crack growth resistanceto other potential solid electrolytes .
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Figure 9: Elastic modulus and hardness of LATP:Si as a function of indentation load.

In order to gain insight into fracture stresses and reliability of the samples, ball-on-three-ball B3B bending

tests were carried out at room temperature [53]. The fracture stress data derived were described by means of
15



a 2-parameter Weibull distribution yielding the characteristic strength and Weibull modulus [54]. Industry
standards suggest a minimum of 30 specimens as a basis for a Weibull statistical analysis [71]. However, due
to limited availability of materials (13 samples), it was not possible to test such a large number of specimens
here. Therefore, although the data were indeed analyzed using Weibull statistics, the result should only be
considered as a tentative indication of material behavior.

As illustrated in Figure 10, the Weibull parameters were calculated via linear fitting with 90% confidence
intervals as op = 168 [160.7 — 175.3] MPa and m = 12.8 [7.8 — 16.8]. The effective volume of LATP:Si was
calculated using online software (http://www.isfk.at/de/960/) as 0.265 mm?>. The mechanical properties of
LATP:Si, as summarized in Table 2 are slightly favorable those of LATP reported by Jackman and Cutler
[31], according to which the characteristic strength of high-purity, fine-grained (HPFG) LATP is 130 MPa
and the Weibull modulus is 8. Since the Weibull theory predicts a size effect on strength, i.e. that strength
decreases with increasing effective volume, the fracture strength of LATP:Si can be regarded to be the same
as that of LATP [71]. It can be seen that the Weibull modulus of LATP:Si is in a similar range as for other
ceramic materials, i.e. 5 to 20 [72]. Compared with the ceramic materials LiNbO3; and LiTaO3, which were
tested with the same B3B test method by Gruber [73], the Weibull modulus of LATP:Si is higher than that of
LiNbO3 (3.8-6.9) and LiTaOs3 (3.4-6.3), although the limited number of specimens and the confidence interval
mean that further tests are required to enable a final conclusion. However, the characteristic strength of
LATP:Si is lower than that of LiNbO3 (638—-2036 MPa) and LiTaO3 (669—1802 MPa). It can be assumed that
the fracture reliability of the solid electrolyte LATP:Si (with a size of 6.6 x 7.1 x 0.2 mm?®) is superior to that
of the cathode materials LiNbO3 and LiTaOs3, even though the fracture strength is lower. The Weibull statistics
for LATP:Si presented here can be used as a reference for further LATP material design and as a comparison
in probabilistic maximum stress calculations for component simulations.

Table 2. Mechanical properties of LATP:Si material. Numbers in brackets indicate the 90 % confidence

interval.

E(GPa)at H(GPa)at Kr (MPa'm'?)at
m oo (MPa)
30 mN 30 mN 3N

109 £5 87+04 1.1+0.3 12.8[7.8-16.8] 168 [160.7 —175.3]
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Figure 10: Strength distribution and Weibull parameters of LATP:Si tapes.

Figure 11 shows typical fracture surfaces of LATP:Si in different magnifications. In order to derive the
fracture origin, the fracture surfaces of various specimens and individual pieces were analyzed in more detail.
As an example, Figures 11 (a) and (b) show the lateral view of the two sides of one individual fracture surface.
These images might be interpreted to mean that large grains were removed during fracturing or large individual

pores are the crack origin. The critical flaw size was estimated using the following equation [74]:

a, <= (@)2 3)

7\ gy
where KR is the crack growth resistance and oy, is the fracture stress. Based on the individual fracture stress of
the specimens and the fracture toughness, an a, of ~ 30 um was calculated, which is in good agreement with
the identified failure origin, which according to Figure 11 (b) had a size of ~ 30 um. An apparent layer on the
sample surface, as visible in the higher magnification shown in Figure 11 (c¢), was presumed to be the result
during exposure to ambient air (formation of lithium carbonates). The small grains were heterogeneously
distributed between the large grains and that a number of pores existed both between the grains and inside the
large grains. In the case of the small grains, the crack propagated along the grain boundary. As for the larger
grains, the crack propagated intergrannually. As shown in Figure 11 (d), the crack went through the internal

pores of the grain. Overall, the cracks propagated both intergranularly and transgranularly. This suggests that
17



the pores weaken the large grains, leading to a lower strength within large grains than that along grain

boundaries. Therefore, improving the density of the LATP:Si and LATP microstructure

material’s strength in real application.

tension side

can enhance the

Figure 11: Typical crack surface of an LATP:Si sample. (a), (b), (¢) and (d) show the same sample in

different magnifications. The blue circle in (a) is shown in enlarged form in (b), where the red circle

indicates the potential fracture origin. (¢) and (d) show the fracture surface in higher magnifications; in (d),

the red circle indicates the transgranular crack growth.

Summary and Conclusions

LATP tapes for applications in all-solid-state Li batteries were produced here by tape casting followed by

appropriate thermal treatment. The ionic conductivity and density of the tapes are summarized in Table 3.

Table 3: Total ionic conductivities (Gtwotal) and densities (pre1.) of LATP sintered at different temperatures and

of LATP:Si sintered at 920 °C.

Tsinter / °C Gtotal/ mS cm’! Prel. ! Y
LATP 1000 0.30 86.7
970 0.20 90.8
950 0.15 92.9
920 0.10 95.3
850 0.05 92.7
LATP:Si 920 0.20 99.8

For pure LATP tapes, the highest density was achieved at a sintering temperature of 920 °C. At lower

temperatures, sintering was incomplete, while at higher temperatures, grains grew rapidly, leading to

18



significant intragranular porosity. In contrast, despite the increasing (closed) porosity and the expected
increasing number of microcracks, conductivity increased with increasing sintering temperature. These two
adverse trends seem to be overcompensated by the reduced number of grain boundaries associated with larger
grains because grain boundaries dominate the ionic conductivity. The sintering behavior as well as
conductivity can be improved by adding 1.5 % amorphous silica to the tape casting slurry. The resulting
LATP:Si sheets are almost fully dense, do not contain crystalline impurity phases, and show doubled ionic
conductivity compared to the densest unmodified LATP foil.

The high density of LATP:Si allows reliable investigation of the mechanical properties. This material shows
higher elastic modulus and hardness than reported for other LATP materials [31].

The fracture strength as well as Weibull modulus of LATP:Si reported here can provide the basis for future
macroscopic modeling of LATP components in solid-state batteries and might be used as indicators for the
design of such batteries in terms of safety issues. The observation of the fracture surfaces of LATP:Si revealed
that the pores inside large grains or the large grains themselves reduce fracture stresses. The mechanical
measurements of LATP:Si demonstrate the improvement of the mechanical properties that can be achieved by
densifying the structure and reducing the grain size. Further improvements can be expected with a more

homogeneous grain size distribution and minimized porosity after the sintering process.
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