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Abstract
LATP sheets with LiF and SiO2 addition prepared by tape casting as electrolytes for solid-state batteries
were characterized regarding conductivity, microstructure and mechanical properties aiming towards an
optimized composition. The use of additives permitted a lowering of the sintering temperature. As general
trend, higher LiF to SiO2 ratios led to lower porosities. This decrease in the porosity corresponds to an
increase of the ionic conductivity as well as higher values of elastic modulus and hardness determined
by indentation testing. Micro-pillar testing was used to assess the crack growth behavior, revealing weak
grain boundaries.

1 Introduction
Batteries are considered a key technology for the transportation sector and storage of renewable energy
[1]. Therefore, in recent years, a large number of studies has concentrated on the development of next
generation battery technologies. They focused mainly on two aspects: the optimization of current
batteries and the development of new materials for next-generation batteries, especially all-solid-state
batteries [2], where in particular materials possessing the NaSICON (Na+ Super Ionic CONducters)
structure are considered to be promising solid electrolytes [3, 4].

In particular, for the application in all-solid-state lithium batteries, Li1 + xAlxTi2-x(PO4)3 (LATP) with the
NaSICON structure, is a favorable material due to high ionic conductivity [5]. However, issues related to
crack formation or delamination of interfaces can deteriorate material properties and battery
performance [1]. In fact, a large number of publications are available on different synthesis approaches
and resulting conductivities of LATP [6–15], but only a limited number of publications have addressed
the failure-relevant mechanical properties of solid electrolytes [6, 16–20].

In general, to warrant reliable operation, ceramic materials should not change properties due to operation,
deform only elastically and be resistant to crack growth [21]. Hence, especially the characterization of the
elastic modulus and the crack growth behavior is important. Additional challenges arise for tape-cast
solid electrolytes. This processing route promises to ful�l requirements for large-scale fabrication,
reduced costs and thin separators [22], but complicates the determination of mechanical properties due
to the limited thickness [23], in particular for the fracture toughness KIC, which is based frequently on the
Vickers indentation testing [24]. However, Sebastiani et al. [24, 25] established a micro-pillar indentation
splitting method that can facilitate the determination of the local fracture toughness. This method was
already successfully used to derive the intragranular fracture toughness of LATP by testing micro-pillars
prepared within large grains [20]. In order to determine the resistance of the solid electrolyte against
lithium dendrite formation and growth, though, potential effects of intergranular and transgranular crack
growth on the fracture toughness must also be considered [1].

In this work, the in�uence of LiF and SiO2 additives on the apparent ionic conductivity, on the
microstructure and the mechanical properties of LATP was studied. Pure and sample with LiF as well as
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SiO2 additives were prepared by tape casting. The ionic conductivity was measured by impedance
spectroscopy and the microstructure was analyzed using scanning electron microscopy. Elastic modulus
and hardness of the specimens were characterized using different indentation methods. The fracture
toughness was estimated from the splitting of focused ion beam (FIB) fabricated micro-pillars.

2 Experimental
A solution-assisted solid state reaction was used to prepare LATP powder as described in detail
elsewhere [26, 27]. Subsequently, the powder was calcined at 700°C for 4 h. The resulting material was
ball-milled for 24 h in ethanol using ZrO2 balls, then dried for 24 h at 70°C and mortared. The particle size
distribution in ethanol suspension was measured by laser scattering analysis (Horiba LA 950 V2) using
the Fraunhofer scattering approximation [28]. The speci�c surface area was measured according to the
Brunauer-Emmett-Teller (BET) method with nitrogen gas. The obtained powder had a mean particle size,
D50, of 0.78 µm and a speci�c surface area of 15.23 m2 g-1. It was then dispersed in a mixture of ethanol,
methyl-ethyl-ketone, polyvinylbutyral (Butvar B-98), Nousperse FX9086 (Elementis Specialties),
polyethylene glycol (PEG400), and Solusolv S-2075 (Solutia Inc.) and sintering additives of an
amorphous SiO2 (Alfa Aesar) and LiF (Alfa Aesar).

In a previous work [29], 1.5 % of an amorphous SiO2 nano-powder (Alfa Aesar) was used as sintering
additive to improve conductivity and mechanical properties of electrolyte sheets. Here, different ratios of
SiO2 and LiF varying from 1:1.5 to 1:4 (summarized in Table 1) were used to improve sinterability, ionic
conductivity and mechanical properties.

Table 1
Targeted compositions of the samples.

Sample LiF - addition

[wt.-%]

SiO2 - addition

[wt.-%]

Ratio

LATP:Pure 0.0 0.0 -

LATP:1.5F0.5Si 1.5 0.5 3:1

LATP:1.5F1Si 1.5 1.0 1.5:1

LATP:2F0.5Si 2.0 0.5 4:1

The slurry was homogenized and polymerized for 48 h and then degassed at 20 kPa for 10 minutes
before tape casting in a micro-tape caster (KARO Cast 300-7, KMS-Automation GmbH, Germany). A slit
height of 350 µm and a drawing speed of 3.5 mm/s were used. The cast foils were dried and cut into
circular discs of 16 mm in diameter. These discs were then sintered in air at different temperatures for 4
h, resulting in 90–110 µm thick sheets.
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In order to choose an optimal sintering temperature, the sintering behavior of the tape-cast green sheets
was analyzed by dilatometry (DIL 402C, Netzsch). The sintered disks were then analyzed by means of X-
ray diffraction analysis (XRD) using an EMPYREAN diffractometer (PANalytical), with a Cu-LFF-tube
operated at 40 kV and 40 mA. The measurement was conducted in the 2θ-range of 5° to 90°, with a step
size of 0.026° and a dwell time per step of 2 s. The resulting XRD patterns were analyzed by Rietveld
re�nement using the software TOPAS (Bruker AXS).

In order to measure the ionic conductivity, the surfaces were sputtered with gold on both sides and placed
into an electrochemical cell (EL-CELL, PAT-Cell) under Ar atmosphere. The impedance spectra were
measured using a potentiostat (Bio-Logic, SP-300) in the frequency range of 7 MHz to 1 Hz.

The samples were embedded in water-free epoxy resin and manually polished using 400 to 4000 SiC
grinding papers, for the subsequent microstructural and mechanical characterization. The �ne-polishing
was conducted with a Minimet® 100 polisher using water-free diamond suspensions with grain sizes
from of 4 µm down to 1 µm. The �nal polishing was conducted using water-free colloidal silica polishing
solution with a grain size of 0.2 µm. For LATP, the water-free sample preparation was necessary to
prevent a reaction with water [30, 31]. Scanning electron microscopy (SEM) images were obtained using a
Zeiss Merlin SEM (Carl Zeiss Microscopy, Oberkochen, Germany). The porosity was estimated based on
the analysis of SEM micrographs using ImageJ [32]. At least six SEM images were obtained and
analyzed for each sample.

Elastic moduli E and hardness values H were determined from indents into the surface of the embedded
and polished samples using a FISCHERSCOPE® HC 100 instrument (Helmut Fischer GmbH, Sindel�ngen)
equipped with a Vickers diamond tip. The samples were indented to a load of 30 mN to measure the
average intrinsic properties of the materials [30]. On each specimen at least 100 indentations were
performed with a load application time of 15 s and a hold period of 1 s before unloading the sample. The
values of E and H were determined from the unloading slope of the load-displacement curve following the
DIN EN ISO 3452-1 standard. A Poisson ratio of 0.25 was assumed for all materials [16]. In addition,
some indentations were carried out at higher loads using a CSM indenter (Anton Paar CSM Micro-
Indentation Tester, Peseux, Switzerland) to test the feasibility of measuring the indentation fracture
toughness with a Vickers tip, loads of 50, 300 and 500 mN with loading rates of 30 N/h were applied.

A micro-pillar splitting method was used to estimate effects of intergranular and transgranular crack
growth on the fracture toughness of LATP. Micro-pillars were fabricated by focused ion beam (FIB)
cutting using an Auriga cross-beam instrument (Carl Zeiss Microscopy, Oberkochen, Germany) operated
at an acceleration voltage and beam currents of 30 kV and 2–16 nA, respectively. In order to minimize
any potential in�uence of FIB damage on KIC, the diameter of the pillars should be 10 µm or larger [33].
Therefore, for each specimen 5 pillars with a target diameter of 10 µm were cut. For the pillar-splitting
test, a ratio of z/D ~ 1 is required [24], where D is the diameter and z the height of the pillar. Hence in the
current work, pillars with 10 µm in diameter and 10 µm in height were tested.
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For each pillar, topographic images were recorded in order to con�rm the pillar geometry using a laser
confocal LEXT OLS6000 microscopy instrument (OLYMPUS, Hamburg, Germany) employing a step size
of 0.2 µm. The positioning of the indenter tip in the center of the pillars was ensured and errors due to
indenter positioning can be neglected [33]. Subsequently load-controlled indentation tests were performed
at a load rate of 0.5 mN/s to split the pillars using a NanoXtrem nanoindenter (Micro Materials, Wrexham,
UK) equipped with a Berkovich type diamond tip.

3 Results And Discussion
Although the amount of sintering additives was ≤ 3 wt.-% in all cases, the sintering behavior of LATP
samples was strongly affected by the additives. Figure 1 presents the sintering behavior in terms of the
measured shrinkage of the samples from room temperature to 950°C at a constant heating rate of 300
K/h. The two samples with 1.5 % LiF and different amounts of SiO2 exhibited very similar shrinkage
curves compared to the sample with 2 % LiF. The shrinkage at 815°C for the samples LATP:1.5F0.5Si and
LATP:1.5F1Si was 24 % and 26 %, respectively (see Fig. 1). Below 700°C no dimensional change could be
observed.

According to the dilatometer curves, the LATP sample without sintering additive started to shrink slowly
at around 800°C and reached 22 % shrinkage at 950°C. For the samples with additives, the onset points
of shrinkage decreased towards 750°C followed by a sharp increase in shrinkage rate to reach a
maximum shrinkage at around 880°C. This corresponded to an almost 130°C reduction of the sintering
temperature compared to pure LATP. In the case of the LATP:2F0.5Si sample, the onset of the sintering
was similar to that of the others, however, the total shrinkage was lower (approximately 20 %). The length
expansion at temperatures above 850°C of the three samples containing LiF and SiO2 is caused by the
melting [34] and slowly increasing evaporation rate of LiF.

As shown earlier [29], single-phase LATP can be obtained at sintering temperatures above 900°C. In the
current work, single-phase LATP could be obtained without additives via sintering at 940°C, in agreement
with the previous work. For the samples with additives the sintering temperature could be reduced to
815°C. In the as-sintered state, the LATP samples with additives contained LiTiOPO4 and AlPO4 as
secondary phases in low amounts, see Fig. 2 (< 5 wt. % by XRD). Rietveld analysis yielded the same
lattice parameters for all LATP samples.

The total conductivities of the samples are listed in Table 2, along with sintering temperature, sample
thickness and corresponding porosity. The sample LATP:1.5LiF1Si showed the highest ionic conductivity
of 0.096 mS/cm, which is similar to the conductivity reported for LATP with 2 wt.% SiO2 [29].
Representative SEM images are shown in Fig. 3. The addition of SiO2 and LiF led to a reduced porosity
and a more homogenous distribution of the pores than for the pure LATP sample (Fig. 3a). Although
grain boundaries could not be identi�ed, the grain size was probably smaller than the distance between
the pores, thus, below 2 µm.
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Table 2
Sintering temperature Tsint, thickness t, ionic conductivity σtotal

and porosity.
Sample name Tsint

[°C]

t

[µm]

σtotal [mS/cm] Porosity

[%]-

LATP:Pure 940 110 0.043 14.7 ± 2.5

LATP:1.5F0.5Si 815 90 0.095 8.7 ± 0.9

LATP:1.5F1Si 815 100 0.096 7.3 ± 1.0

LATP:2F0.5Si 820 100 0.083 5.8 ± 0.4

The porosity decreased for the specimens with LiF and SiO2 additives compared to the pure LATP. The
additives reduced the porosity from 14.7 ± 2.5% for the pure LATP to 5.8 ± 0.4 % for the LATP specimens
with an addition of 2 wt.-% LiF and 0.5 wt.-% SiO2. The pore size of ~ 0.5 ± 0.3 µm is the same for all
specimens independent of the sintering additives.

As the additives appear not to be incorporated in the crystal structure of LATP, the same hardness and
elastic behavior might be expected. However, as illustrated in Fig. 4 (a) and (b), the SiO2 as well as the LiF
addition seem to enhance elastic moduli and hardness values. For pure LATP, elastic moduli ranging from
81 to 115 GPa have been reported [35], whereas the average value for pure LATP obtained in this work is
64 ± 5 GPa and, thus, signi�cantly lower. The elastic moduli of the specimens with LiF and SiO2 addition
are between ~ 94 and ~ 106 GPa and therefore well within the range reported for pure LATP. The hardness
value reported in the literature for pure LATP is 7.1 ± 1.0 GPa [35]. However, here pure LATP revealed a
much lower hardness of 2.9 ± 0.6 GPa, while for the material with LiF and SiO2 addition the hardness
values vary between ~ 8.4 and ~ 11.4 GPa.

As mentioned above, the additives have a signi�cant effect on the porosity, which needs to be considered
in the interpretation of the data obtained from the indentation tests. Thus, in Fig. 4 (c) and (d) the elastic
modulus and hardness data are presented as a function of the porosity, revealing that both properties are
signi�cantly affected by the porosity. The impact of porosity on the elastic modulus of materials is
already known and a number of different models have been proposed in order to explain this dependency
[36–39].

In order to assess if a derivation of the properties based on the frequently used measurement of radial or
Palmqvist type cracks is possible, i.e. to see if the properties obtained for such thin specimens are
affected by the low compliance of the embedding material, Vickers indentations were carried out on a
LATP:2F0.5Si specimen. The derived elastic modulus and hardness values decreased signi�cantly with
increasing load due to the deformation of the embedding material (see supplementary Figure SuppInfo1),
thus, ruling out the use of this method.
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A typical micro-pillar prior to testing is shown in Fig. 5. The pillar size is much larger than the grain size.
Furthermore, the polycrystalline nature of the pillars can clearly be seen. The surface was not perfectly
�at due to the porosity and an angle of approximately 15° existed between the side walls and the surface
normal, as determined by laser confocal microscopy. In addition the top surface of the pillars was slightly
elliptical rather than circular and the edges were slightly rounded. However, such imperfections have also
been reported in other studies for FIB-milled micro-pillars and it has been shown that any potential
in�uence on the results decreased with increasing pillar size, i.e. being insigni�cant for the pillar sizes
used in this work [31].

Representative images of the micro-pillars after the indentation testing are shown in Fig. 6. Figure 6 (a)
shows a deformed micro-pillar of specimen LATP:Pure. The indenter tip displaced the grains rather than
deforming them due to the high porosity, therefore a clear imprint is not visible. The displacement of the
grains led to secondary cracks along the grain boundaries indicating weak grain boundaries. When the
load was further increased, beyond the apparent critical load, the micro-pillar rather disintegrated into a
pile of individual grains instead of being clearly crushed, as can be seen in Fig. 6 (b). This observation
underscores the presence of weak grain boundaries. By contrast, the micro-pillars of the sample
LATP:1.5F0.5Si showed an indentation imprint after testing. The crack origin seems to be located in the
vicinity of the corners of the imprints, while small deviations might be explained by pores at the surface
of the pillars. Secondary cracks can be observed, although it is unclear whether they were induced during
the loading or rather upon unloading of the tip. Again, the cracks seem to propagate along the grain
boundaries indicating intergranular fracture. An increase of the load beyond the critical load also leads to
disintegration of the micro-pillar, as shown in Fig. 6 (c) and (d). The specimens LATP:1.5F1Si and
LATP:2F0.5Si behave similarly in the micro-pillar test. For both specimens a crack formed parallel to the
edge of the imprint, which seems to originate from pores located at the micro-pillar surface and to
propagate along the grain boundaries (Fig. 6 (e) and (f)). This behavior is consistent for all micro-pillars
of these two samples. The results clearly show that the grain boundaries need to be improved. Based on
the equations given in [24], fracture toughness values can be estimated in the range of 0.2 to 0.4 MPa
m1/2.

4 Conclusion
In this work, the in�uence of LiF and SiO2 additions on the apparent ionic conductivity, microstructure and
mechanical properties of sintered tape-cast LATP sheets, with thicknesses of around ~ 100 µm, has been
investigated. The use of LiF and SiO2 additives allowed a reduction of the sintering temperature and a
reduction of the porosity. In addition, the ionic conductivity improved compared to pure LATP due to a
reduction of the porosity.

In summary, the highest elastic moduli and hardness values were observed for LATP:1.5F1Si and
LATP:2F0.5Si. However, the results were signi�cantly affected by the porosity. A further reduction of the
porosity of tape-cast LATP would certainly improve the physical and mechanical properties, which might
be achieved by an optimization of the LiF and SiO2 sintering additives.
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A micro-pillar splitting technique was used to investigate the crack growth behavior. It was shown that the
grain boundaries need to be improved, since intergranular crack propagation was observed and the micro-
pillars disintegrated into individual grains.
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Figure 1

Length change of the different LATP samples as a function of temperature determined by dilatometry.
The shrinkage behavior is affected by the amount of sintering additives.
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Figure 2

XRD patterns of the LATP samples with different amounts of additives. Secondary phases LiTiOPO4 and
AlPO4 can be detected in small amounts.
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Figure 3

SEM images of a) LATP: pure, b) LATP:1.5F0.5Si, c) LATP:1.5F1Si, and d) LATP:2F0.5Si.



Page 14/16

Figure 4

Elastic moduli (load of 30 mN) determined by indentation tests as a function of the (a) SiO2 addition and
(b) LiF addition. (c) Elastic modulus and (d) hardness values as a function of the porosity.
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Figure 5

SEM micrographs of a 10 µm pillar in LATP:1.5F1Si before testing, (a) top view and (b) side view (at 56°
tilt angle).

Figure 6
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Representative images of micro-pillars after the indentation testing of the material LATP:Pure (a, b),
LATP:1.5F0.5Si (c, d), LATP:1.5F1Si (e) and LATP:2F0.5Si (f).
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