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ABSTRACT

LATP sheets with LiF and SiO, addition prepared by tape cast as electrolytes for
solid-state batteries were characterized regarding conductivity, microstructure
and mechanical properties aiming toward an optimized composition. The use of
additives permitted a reduction of the sintering temperature. Rietveld analyses
of the samples with additives revealed a phase mixture of NaSICON modifi-
cations crystallizing with rhombohedral and orthorhombic symmetry as a
superstructure with space group Pbca. It seems that LiF acts as a sintering
additive but also as a mineralizer for the superstructure of LATP. As general
trend, higher LiF to SiO, ratios led to lower porosities and higher values of
elastic modulus and hardness determined by indentation testing, but the pres-
ence of the orthorhombic LATP leads to a decrease in the ionic conductivity.
Micro-pillar testing was used to assess the crack growth behavior revealing
weak grain boundaries.
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of studies have concentrated on the development of
next generation battery technologies. They focused
mainly on two aspects: the optimization of current

Introduction

Batteries are considered a key technology for the
transportation sector and storage of renewable
energy [1]. Therefore, in recent years, a large number
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batteries and the development of new materials for
next-generation batteries, especially all-solid-state
batteries [2], where in particular materials possessing
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the NaSICON (Na™ Super Ionic CONductors) struc-
ture are considered to be promising solid electrolytes
[3, 4].

In particular, for the application in all-solid-state
lithium batteries, Li; Al Ti»_(POy)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 perfor-
mance [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 elec-
trolytes [6, 16-20].

In general, to warrant reliable operation, ceramic
materials should not change properties due to oper-
ation, 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
fulfill the requirements of large-scale fabrication,
reduced costs and thin separators [22]. The limited
thickness, though, complicates the determination of
the mechanical properties [23], in particular of the
fracture toughness Kjc, which is frequently based 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 determine
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].

Generally, impurities in LATP specimens segregate
at the grain boundaries, thus blocking the transport
of Li* ions [26]. While the usage of sintering addi-
tives might seem counter-intuitive, we could show in
our previous work [27] that the inhibition of grain
growth and crack formation in LATP can be achieved
by adding 1.5 wt.-% SiO,. This additive also allowed
a reduction of the sintering temperature to 920 °C
(compared to 970 °C for pure LATP) and a higher
densification. The right combination and concentra-
tion of additives as well as precisely adjusted
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sintering conditions are therefore needed in order to
obtain improved LATP material. Therefore, aiming
toward optimization, in this work a combination of
SiO, and LiF was added in the synthesis of LATP.
The addition of LiF is expected to lead to improved
grain boundaries, higher relative densities and
should compensate a possible Li loss [28-30].

Pure LATP as well as specimens with LiF and SiO,
additives was prepared by tape casting. Their sin-
tering behavior was investigated by dilatometry. 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.

Experimental

A solution-assisted solid-state reaction was used to
prepare LATP powder as described in detail else-
where [31, 32]. Subsequently, the powder was cal-
cined at 700 °C for 4 h. The resulting material was
ball-milled for 24 h in ethanol using ZrO, 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 [33]. The
specific surface area was measured according to the
Brunauer-Emmett-Teller (BET) method with nitro-
gen gas. The obtained powder had a mean particle
size, D5, of 0.78 pm and a specific surface area of
1523 m* g~ .

In a previous work [27], 1.5% of an amorphous
510, nano-powder (Alfa Aesar) was used as sintering
additive to improve conductivity and mechanical
properties of electrolyte sheets. Here, different ratios
of 5i0, and LiF varying from 1:1.5 to 1:4 (summa-
rized in Table 1) were used to improve sinterability,
ionic conductivity and mechanical properties.

The slurry for the tape-cast process was prepared
by dispersing LATP in a mixture of ethanol and
methyl-ethyl-ketone (34:66 vol.-%). Polyvinylbutyral
as a binder (6.3 wt.-% with respect to LATP, Butvar
B-98), Nousperse FX9086 as a dispersant (3.6 wt.-%
with respect to LATP, Elementis Specialties), poly-
ethylene glycol (3.5wt% with respect to LATP,
PEG400) and Solusolv 5-2075 (3 wt.-% with respect to
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Table 1 Targeted

compositions of the samples Sample LiF-addition [wt.-%] Si0,-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

LATP, Solutia Inc.) as plasticizers and as sintering
additives, 5iO, (0-1.0 wt.-% with respect to LATP,
Alfa Aesar) in combination with LiF (0-2 wt.-%, Alfa
Aesar) were added to the mixture (see Supplemen-
tary Material for further details). Using a high energy
planetary mill (Thinky ARV-310) with ZrO, balls, the
mixtures were homogenized and dispersed for 5 min
at 1500 rpm. Subsequently the slurries were poly-
merized at room temperature for 48 h without rota-
tion, degassed at 20 kPa for 10 min and then cast
using a tape-cast machine (KARO cast 300-7, KMS
Automation GmbH, Germany) with a slit height of
350 pm at a drawing speed of 3.5 mm/s.

In order to determine the optimal sintering tem-
perature, the sintering behavior of the tape-cast green
sheets was analyzed by a pushrod dilatometer (DIL
402C, Netzsch) in contact mode, with a force of 200
mN. Green tapes of 1 cm” and approximately 1 mm
thickness were clamped horizontally between alu-
mina rods, and their thickness changes versus tem-
perature up to 950 °C with 5 K/min heating rate in
dry air were recorded. The cast foils were dried and
cut into circular discs of 16 mm diameter and sin-
tered in air at different temperatures for 4 h, resulting
in 90-110-pm-thick sheets. Fragments of the sintered
LATP discs were ground in a mortar. The powder
was dispersed in ethanol and applied onto a silicon
zero-background sample holder. X-ray diffraction
(XRD) data were collected with an EMPYREAN
diffractometer (Malvern Panalytical, Eindhoven,
Netherlands) using Cu-Ko radiation. Data analysis
employing the Rietveld method for determining lat-
tice parameters and phase fractions was carried out
using the software package TOPAS version 6 (Bruker
AXS, Karlsruhe, Germany).

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 with
20 mV sinus amplitude at room temperature.

The samples for the subsequent microstructural
and mechanical characterization were embedded in
water-free epoxy resin and manually polished using
400 to 4000 SiC grinding papers. The fine polishing
was conducted with a Minimet® 100 polisher using
water-free diamond suspensions with grain sizes
from of 4 pm down to 1 pm. The final polishing was
conducted using water-free colloidal silica polishing
solution with a grain size of 0.2 pm. For LATP, the
water-free sample preparation was necessary to pre-
vent a reaction with water [34, 35].

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 micro-
graph following the specifications outlined in [36],
where pores are identified based on the gray-scale-
level. The corresponding manual thresholding was
carried out using the software Image] [37]. At least
six SEM images of different locations on the speci-
mens surface were analyzed for each sample.

A piece of LATP:1.5F0.55i was fixed between two
pieces ofa Si wafer with epoxy resin for
microstructural studies and element identification. A
cross-section of this assembly was first mechanically
ground using 800 SiC grinding paper, followed by Ar
ion milling at 6 kV for 8 h using a SM-09010 Cross-
Section Polisher (Jeol, Tokyo, Japan). Energy-disper-
sive X-ray (EDX) maps and spectra were recorded for
this specimen using X-Max Extreme and X-Max 80
EDX detectors (Oxford Instruments, High Wycombe,
UK) fitted to the SEM. The Oxford Instruments Aztec
software was used for data acquisition and process-
ing. EDX maps were recorded at an acceleration
voltage of 5 kV with the X-Max Extreme detector,
and EDX spectra of single grains/particles were col-
lected at 10 kV with the X-Max 80 detector.

Elastic moduli E and hardness values H were
determined from indents into the surface of the
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embedded and polished samples using a FISCHER-
SCOPE® HC 100 instrument (Helmut Fischer GmbH,
Sindelfingen) 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 [34]. 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 esti-
mate 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 influence of FIB damage on K¢, the diam-
eter of the pillars should be 10 pm or larger [38].
Therefore, for each specimen 5 pillars with a target
diameter of 10 pm 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 pm in diameter and
10 pm in height were tested.

For each pillar, topographic images were recorded
in order to confirm the pillar geometry using a laser
confocal LEXT OLS6000 microscopy instrument
(OLYMPUS, Hamburg, Germany) employing a step
size of 0.2 pm. The positioning of the indenter tip in
the center of the pillars was ensured and errors due
to indenter positioning can be neglected [38]. Subse-
quently load-controlled indentation tests were per-
formed 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.
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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. Fig-
ure 1 presents the sintering behavior in terms of the
measured shrinkage of the samples from room tem-
perature to 950 °C at a constant heating rate of
300 K/h. The two samples with 1.5% LiF and differ-
ent amounts of SiO, exhibited very similar shrinkage
curves compared to the sample with 2% LiF. The
shrinkage at 815 °C for the samples LATP:1.5F0.55i
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 toward 750 °C fol-
lowed by a sharp increase in shrinkage rate to reach a
maximum shrinkage at around 880 °C. This corre-
sponded to an almost 130 °C reduction in the sin-
tering temperature compared to pure LATP. In the
case of the LATP:2F0.55i 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 SiO, is
caused by the melting [39] and slowly increasing
evaporation rate of LiF.
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Figure 1 Length change of 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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As shown previously [27], single-phase LATP can
be obtained at sintering temperatures above 900 °C.
In this work, almost 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. Phase analysis employing Riet-
veld refinements was carried out in order to check for
the presence of additional phases, such as TiO,,
AIPO, or other NaSICON-related structures. The
XRD patterns of the samples with SiO, and LiF
additives contain the rhombohedral NaSICON-type
LATP (space group R3c, ICSD no. 7936) and the
LiTiOPO, minority phase (space group Pnma, ICSD
no. 153522). Additional peaks could be fitted using a
model with an orthorhombic superstructure of the
NaSICON-structure (space group Pbca, Li,Mn,(SO4)3
type, ICSD no. 51332 for LiyFe; g75Tip.025(PO4)3 [40])
where Fe might be replaced by Al. The actual com-
position of both phases, i.e., the Ti/ Al ratio, could not
be reliably determined based on the XRD data. In
order to obtain comparable results for all samples,
structural parameters such as atomic positions, site
occupation factors and temperature factors were kept
constant during the refinement. For simplicity, the
two LATP phases are labeled LATP-1 (rhombohedral
NaSICON) and LATP-2 (orthorhombic NaSICON
superstructure). The reflection profiles of both LATP-
1 and LATP-2 are significantly wider compared to the
pure LATP sample, which is caused by micro-strain
rather than small domain sizes. In addition, the
reflection line broadening of the LATP-2 phase is
anisotropic due to different domain sizes in different
crystallographic directions. Such anisotropy is typi-
cally observed in the case of micro-twinning and has
been considered in the course of the lattice parameter
refinement. The results of the Rietveld refinement are
summarized in Table 2. Figure 2 shows the measured
and Rietveld refined XRD patterns of pure LATP and
LATP:1.5F1Si (diagrams for LATP:1.5F0.55i and
LATP:2F0.55i are given in the Supplementary
Material).

Rietveld refinement shows that the amount of the
minority phase LiTiOPO, is around 3 wt.-% in the
LATP:Pure sample and increases to around 10 wt.-%
in the samples with S5iO, and LiF additives. LATP-2
turns out to be the majority phase in the latter sam-
ples, while it is absent in LATP:Pure. Two factors can
be considered as reason for the formation of the

LATP-2 phase. First, the sintering temperature of the
samples is lower, and secondly, the LiF may act as
mineralizer for LATP-2. However, EDX analyses
show that neither Si nor F is incorporated into the
LATP phases in significant amount. Further work is
necessary to clarify the formation conditions of the
LATP-2 phase. The unit cell volume of LATP-1 in the
samples with additions is increased only slightly (by
less than 0.2%) compared to the LATP:Pure, which
might be a result of peak overlap with the LATP-2
phase rather than caused by different composition.
The values of the lattice parameters of the LATP-2
phase are slightly smaller than the reported data of
Li,FeTi(POg4)3 [40].

The Nyquist plots of the impedance spectra are
shown in Fig. 3. The equivalent circuit model for
fitting and dimensions of measured samples are
given in Fig. 3. For each sample, one semi-circle at
high frequencies along with an inclined spike at low
frequencies is observed. The fitted resistance at the
left intercept of the semi-circle is taken as bulk
resistance (R;) and the right intercept as total resis-
tance. These conductivities are obtained using the
equation: oy = £/ R - A, where t and A are thickness
of the disk and electrode area, respectively (Table 3).

The fitting model resembles the bulk resistance
(Rp), grain boundary resistance (Rgp) in parallel
combination with a constant-phase element CPE,
and a constant-phase element CPEg; related to the
electrode polarization. The impedance of the con-
stant-phase element is given as Zcpg = é - (iw) ™" with
n <1. Effective capacitances were calculated using
Cor = QY/"RU="/" [41]. For the effective capacitance
of the bulk, we used the value of 4107"° F em ™2 from
our former work [27]. The grain boundary capaci-
tancies for the four samples are much larger and vary
from 1-10® F cm ™2 to 410”7 F cm 2. Considering the
values of C, and Cg, the grain boundary conductivity
can be calculated with the equation gy, = t/A - (Cy/
Cgp) - (1/Rg) [42], which is also listed in Table 3,
along with sintering temperature, sample thickness
and corresponding porosity. The pure LATP sample
showed the highest total ionic conductivity of
0.87 mS/cm, grain boundary conductivity of
0.70 mS/cm and bulk conductivity of 2.55 mS/cm.
The total and grain boundary conductivity are very
close in the magnitude, whereas the bulk conductiv-
ity is in very good agreement with 3 mS/cm from
single crystal data [43].

@ Springer



930

J Mater Sci (2022) 57:925-938

Table 2 Lattice parameters

and Rietveld refinement Phase Sample LATP:Pure LATP:1.5F0.5S1 LATP:1.5F1Si LATP:2F0.5Si
f;it:zcs togthe phlases inthe o2 a [A] 8.488 8.474 8.474 8.473
gated samples LATP1 ¢ [A] 20.768 20.850 20.859 20.863
1CSD 7936 V [A%] 1295.91 1296.76 1297.26 1297.17
W% 96 42 42 36
Pbca a [A] - 8.460 8.461 8.460
LATP2 b [A] - 8.523 8.523 8.525
ICSD 51332 ¢ [A] - 23.792 23.794 23.792
V [A%] - 1715.4 1715.9 1715.8
W% - 50 50 53
LiTiOPO, a [A] 7.400 7.398 7.399 7.400
ICSD 153,522 b [A] 6.374 6.371 6372 6.371
¢ [A] 7232 7.237 7.239 7.240
V [A%] 341.11 341.15 34133 34133
Wt% 4 8 8 10
Refinement GOF, 1.96, 3.56, 3.56, 3.67,
statistic Rews Ryp 155,303 1.87, 6.65 1.92, 6.82 1.86, 6.83

For three samples with sintering additives, the total
and grain boundary conductivities are almost one
order magnitude lower than that of pure LATP,
ranging between ¢;,; = 0.03 mS/cm and 0.15 mS/cm
and og, = 0.06-0.13 mS/cm, respectively. The results
in Table 3 clearly show that the sintering additives
have an impact on both the bulk and the grain
boundary conductivity, indicating that especially the
Si0, addition seems to influence the ionic conduc-
tivity negatively. The reduced bulk conductivity is
probably caused by the increased amount of the
LiTiOPO, minority phase, and especially the pres-
ence of the LATP-2 phase with NaSICON super-
structure. The ionic conductivity of LATP-2 is
hitherto unknown and needs to be characterized in
future studies.

Representative SEM micrographs are shown in
Fig. 4. The addition of SiO, and LiF led to a reduced
porosity compared to the pure LATP sample
(Fig. 4a). Although mostly grain boundaries could
not be identified, the grain size was probably smaller
than the distance between the pores, thus, below
2 um. However, in certain regions of the specimens
individual grains can be seen confirming the esti-
mated grain size of <2 pum (see Supplementary
Material).

The porosity decreased for the specimens with LiF
and 5iO, 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.-% SiO,.
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The pore sizes of the specimens with additives
were comparable consisting of small (< 0.5 pm) and
larger (~ 1 pm) pores, whereas in the pure LATP
only small pores were observed.

In order to check the distribution of the additives,
and in particular the incorporation of Si or F into the
LATP phase, EDX analysis was carried out on an Ar-
ion polished cross section of LATP:1.5F1Si. This
preparation route avoids any external Si sources such
as SiC grinding paper or SiO,-containing polishing
media and yields high-quality surfaces suitable for
low-energy EDX analysis. EDX maps of an area that
is particularly rich in minority phases shown in Fig. 5
reveal the presence of LiTiOPO,4, SiO; and a phos-
phate-rich phase besides the LATP-1 and LATP-2
majority phases. The phosphate-rich phase is present
inside pores between the LATP grains. It cannot be
identified because it decomposes under the electron
beam. Furthermore the regions of this phase are too
small to exclude matrix contributions in the EDX
spectrum. S5iO, was mainly found as discrete particles
between the LATP grains and occasionally enclosed
in LATP grains, whereas F had been incorporated
into the central regions of LiTiOPO, grains together
with AL The LATP-1 and LATP-2 phases identified
by XRD analyses are expected to have different Ti/ Al
ratio, which is confirmed by the intensity variation in
the Al map. The Ti signal is too weak to observe a
corresponding variation in the Ti map.

The EDX maps (Fig. 5) do not indicate incorpora-
tion of significant amounts of Si or F into the LATP
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phase. In order to check for small amounts of F or 5i,
additional EDX spectra were recorded (see Supple-
mentary Material). The EDX spectrum of LATP
shows a weak Si-K emission peak, while the F-K peak
is absent, whereas the spectrum of LiTiOPO, shows a

T T

30 40 50 60 70 80 90
°2Theta (Cu Ka)

similarly weak Si-K peak and a clear F-K peak in
agreement with the EDX maps. The content of F in
the center of the analyzed grain corresponds to 1-2
wt.-%. The amount of Si in both phases is similar and

@ Springer
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Figure 3 Nyquist plot of the investigated samples.

close to the limit of detection of EDX spectroscopy,
approximately 0.2 wt.-%.

Figure 6a, b shows an enhancement of the elastic
moduli and hardness values for the specimens with
5i0; as well as the LiF addition compared to the pure
LATP sample. For pure LATP, elastic moduli ranging
from 81 to 115 GPa have been reported [44], whereas
the average value for pure LATP obtained in this
work is 64 £ 5 GPa and, thus, significantly lower.
The elastic moduli of the specimens with LiF and
Si0, 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 [44]. However, here
pure LATP revealed a much lower hardness of
2.9 + 0.6 GPa, while for the material with LiF and
5i0, addition the hardness values vary between ~

84 and ~ 114 GPa. As mentioned above, the
additives have a significant effect on the porosity,
which needs to be considered in the interpretation of
the data obtained from the indentation tests. Thus, in
Fig. 6c, d the elastic modulus and hardness data are
presented as a function of the porosity, revealing that
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both properties are significantly affected by the
porosity. The impact of porosity on the elastic mod-
ulus of materials is already known, and a number of
different models have been proposed in order to
explain this dependency [45-48]. The occurrence of
LATP2 phase might also impact the mechanical
properties of the specimens, but different phases
cannot be distinguished in the indentation testing.
Furthermore, the porosity influence seems to be the
dominating factor concealing any possible influence
of the LATP2 phase.

In order to assess whether the frequently used
measurement of radial or Palmqvist type cracks is
applicable here i.e., to learn whether 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:2F0.551
specimen. The resulting elastic modulus and hard-
ness values decreased significantly with increasing
load due to the deformation of the embedding
material (see Supplementary Material), thus, ruling
out the use of this method.

A typical micro-pillar prior to testing is shown in
Fig. 7. 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 per-
fectly flat 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 imper-
fections have also been reported in other studies for
FIB-milled micro-pillars and it has been shown that
any potential influence on the results decreased with
increasing pillar size, i.e., being insignificant for the
pillar sizes used in this work [35].

Representative images of the micro-pillars after the
indentation testing are shown in Fig. 8. Figure 8a
shows a deformed micro-pillar of specimen LATP:

Table 3 Sintering temperature

Taine thickness f, resistivity R Sample name Tent ¢ A Resistivity, R Conductivity, ¢ [mS/cm] Porosity
sits b el ° 2

ionic conductivity ¢ and [°Cl  [um] [emT [Q] [%]

porosity Ry Rep G Ogp Gtotal
LATP:Pure 940 110  0.196 22 4225 2.55 0.70 0.87 147 £ 2.5
LATP:1.5F0.5Si 815 90 0283 47.7 636.6 0.67 0.12 0.05 8.7+ 0.9
LATP:1.5F1Si 815 100 0.785 36.13 4288  0.35 0.06 0.03 73+ 1.0
LATP:2F0.5Si 820 100  0.196 2457 3234 2.07 0.13 0.15 58+04
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Figure 4 SEM micrographs of a LATP: pure, b LATP:1.5F0.5Si, ¢ LATP:1.5F1Si and d LATP:2F0.5Si.

BSE, 5 kv F K series

O K series

S s 1 e

S5um 5um

P K series Ti L series Si K series

S5um f Spm ! f S5um !
Figure 5 EDX mapping results for the LATP:1.5F1Si specimen.
Pure. The indenter tip displaced the grains rather displacement of the grains led to secondary cracks
than deforming them due to the high porosity, along the grain boundaries indicating weak grain

therefore a clear imprint is not visible. The boundaries. When the load was further increased,
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Figure 6 Elastic moduli (load of 30 mN) determined by indentation tests as a function of the a SiO, addition and b LiF addition. ¢ Elastic
modulus and d hardness values as a function of the porosity.

Figure 7 SEM micrographs of a 10 pum pillar in LATP:1.5F1Si before testing, a top view and b side view (at 56° tilt angle).

beyond the apparent critical load, the micro-pillar grain boundaries. By contrast, the micro-pillars of the
rather disintegrated into a pile of individual grains sample LATP:1.5F0.55i showed an indentation
instead of being clearly crushed, as shown in Fig. 8b. imprint after testing. The crack origin seems to be

This observation underscores the presence of weak  located in the vicinity of the corners of the imprints,
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Figure 8 Representative SEM micrographs of micro-pillars after the micro-pillar splitting test of the different materials LATP:Pure (a, b),

LATP:1.5F0.5Si (c, d), LATP:1.5F1Si (e) and LATP:2F0.5Si (f).

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 frac-
ture. An increase in the load beyond the critical load
also leads to disintegration of the micro-pillar, as
shown in Fig. 8c, d. The specimens LATP:1.5F1Si and
LATP:2F0.55i 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. 8e, 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 0.2-0.4 MPa m'/?%
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Conclusion

In this work, the influence of LiF and SiO, additions
on the apparent ionic conductivity, microstructure
and mechanical properties of sintered tape-cast LATP
sheets, with thicknesses of around ~ 100 pm, has
been investigated. The use of LiF and SiO, additives
allowed a reduction in the sintering temperature and
a reduction in the porosity. In addition, the ionic
conductivity decreased compared to pure LATP
despite a reduction in the porosity due to the
increased amount of minority phases and the pres-
ence of the orthorhombic NaSICON phase (LATP-2)
in the samples with additives. Neither of the addi-
tives is incorporated into the LATP phases in signif-
icant amounts.

The highest elastic moduli and hardness values
were observed for LATP:1.5F1Si and LATP:2F0.55i.
However, the results were significantly affected by
the porosity. A further reduction in 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 SiO, sintering
additives. Possible influences of the orthorhombic
NaSICON phase on the mechanical properties are
concealed by the dominating porosity impact.

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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