
Citation: Fu, S.; Arinicheva, Y.; Hüter,

C.; Finsterbusch, M.; Spatschek, R.

Grain Boundary Characterization

and Potential Percolation of the Solid

Electrolyte LLZO. Batteries 2023, 9,

222. https://doi.org/10.3390/

batteries9040222

Academic Editors: Chunwen Sun,

Siqi Shi and Yongjie Zhao

Received: 3 March 2023

Revised: 31 March 2023

Accepted: 6 April 2023

Published: 8 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

batteries

Article

Grain Boundary Characterization and Potential Percolation of
the Solid Electrolyte LLZO
Shuo Fu 1,2 , Yulia Arinicheva 2,3 , Claas Hüter 1, Martin Finsterbusch 2 and Robert Spatschek 1,4,*

1 IEK-2, Forschungszentrum Jülich, 52425 Jülich, Germany
2 IEK-1, Forschungszentrum Jülich, 52425 Jülich, Germany
3 Department of Safety, Chemistry and Biomedical Laboratory Sciences, Faculty of Engineering and Science,

Western Norway University of Applied Sciences (HVL), 5020 Bergen, Norway
4 JARA-ENERGY, 52425 Jülich, Germany
* Correspondence: r.spatschek@fz-juelich.de

Abstract: The influence of different processing routes and grain size distributions on the character of
the grain boundaries in Li7La3Zr2O12 (LLZO) and the potential influence on failure through formation
of percolating lithium metal networks in the solid electrolyte are investigated. Therefore, high
quality hot-pressed Li7La3Zr2O12 pellets are synthesised with two different grain size distributions.
Based on the electron backscatter diffraction measurements, the grain boundary network including
the grain boundary distribution and its connectivity via triple junctions are analysed concerning
potential Li plating along certain susceptible grain boundary clusters in the hot-pressed LLZO
pellets. Additionally, the study investigates the possibility to interpret short-circuiting caused by Li
metal plating or penetration in all-solid-state batteries through percolation mechanisms in the solid
electrolyte microstructure, in analogy to grain boundary failure processes in metallic systems.

Keywords: all-solid-state batteries; Li plating; grain boundary network; triple junctions

1. Introduction

All-solid-state batteries (ASSBs) belong to the most promising next generation elec-
trochemical energy storage systems [1–3]. A solid electrolyte, one of the key components
enabling rechargeable ASSBs, allows safety concerns of the conventional lithium ion batter-
ies to be overcome, substituting flammable organic electrolytes, and offers the potential for
a significant improvement of energy density and battery life when metallic lithium is used
as an anode [3,4]. Li-ion conducting garnets, in particular Li7La3Zr2O12 (LLZO), satisfy a
number of the technological requirements for the application as solid electrolytes in ASSBs,
such as high ionic and negligible electronic conductivities, a wide voltage window, as well
as chemical and electrochemical compatibility with metallic lithium [5].

However, short-circuiting caused by Li dendrite formation within LLZO solid elec-
trolytes during battery cycling has still been a challenge according to recent publications.
Recently, it was shown that LLZO garnets can fail during operation by the development
of microcracks due to mechanical stressing, followed by Li intrusion [6]. This effect, how-
ever, does not exclude other failure mechanisms, which may be related to the intrinsic
microstructure of polycrystalline battery components, commonly found in industrial appli-
cations. Ren et al. [7] directly observed that lithium dendrites grow along grain boundaries
and through interconnected pores. Aside from these effects, internal lithium plating was
observed in isolated pores, which are considered as a trap of electrons and can reduce Li+

to metallic Li [8,9]. Cheng et al. [10] proved that Li preferentially propagates intergranu-
larly along the grain boundaries in LLZO. Motoyama et al. [4] demonstrated using in situ
SEM that Li plating tends to occur at grain boundaries and triple junctions. In order to
enable large-scale applications such as electric vehicles, dendrite formation and propaga-
tion should be prevented during cycling over a wide range of current densities [11] and
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operating temperatures [12]. Key factors for dendrite formation or propagation in LLZO
are relative density or porosity [7], interface properties (contact between the electrolyte
and Li, roughness of the electrolyte surface, defects) [4,13], microstructure (i.e., grain size
and boundary character) [11,14,15], etc. These aspects cover a large fraction of accessible
characteristics of grain boundaries in the context of Li dendrite penetration, but they do
not yet consider the influence of the connectivity of the grain boundary network. Such
conclusions would require a detailed analysis of the grain boundary structures, which has
not been performed so far. Due to the complexity of this topic, we pursue in this using an
experimental analysis of the grain boundary and trijunction characteristics, and on top of
this a critical inspection of percolation models, to shed light on the question, whether such
an approach, which is well established in other materials science disciplines, may also be
useful for all-solid-state battery materials.

In general, percolation is the formation of a conducting path through a network. The
random occupation of sites or bonds in connected lattices or networks is referred to as site
percolation and bond percolation, respectively. Percolation works in an all-or-nothing mode
and it is a threshold phenomenon, which means that if the threshold value is achieved, the
percolation is certain to happen. The description of grain-boundary-related failure in terms
of percolation theory has been established with investigations on austenitic steels [16]. The
prediction of the percolation threshold of an intergranular failure for 3D grain boundary
networks at 23% of active bonds is supported by experimental findings in Ref. [17]. With
the derivation of the influence of crystallographic constraints (e.g., the Σ-product rule)
on percolation in 2D and 3D grain boundary networks, the substantial discrepancy of
the percolation threshold between constrained and non-constrained networks could be
explained. Aside from the mentioned applications of percolation theory to grain boundary
failure driven by corrosion, Perrior et al. [18] found that the vacancy-mediated cation
diffusion in disordered pyrochlore is enhanced once a percolation network is established.
A similar effect is also observed by Lee et al. [19] for Li diffusion in lithium transition
metal oxides, where the diffusion is facile along the percolating network of channels with
excess content of Li. However, these observations only provide indications of preferred
cation diffusion in percolating networks, whereas the interpretation of the Li plating along
grain boundaries and triple junctions in solid electrolytes in the spirit of a percolation
analysis remains questionable. Depending on the answer to this question, it may be
conceivable that grain boundary degradation phenomena such as Li plating or dendrite
propagation in a polycrystalline solid electrolyte could be evaluated using percolation
theory as a step towards grain boundary engineering to control the fraction and distribution
of specific grain boundaries, which are resistant to intergranular percolation phenomena,
in analogy to the intergranular corrosion in austenitic stainless steels [20,21]. To test such a
hypothesis, it is necessary to first overcome the lack of careful investigations into the grain
and grain boundary structure of LLZO, which is essential for the understanding of the
mechanical and electrochemical performance of the solid electrolyte. As the direct test of
such a potential picture is difficult from an experimental perspective alone, indirect and
theoretically supported arguments are needed to uphold or counter this hypothesis.

Consequently, the present work focuses on the joint experimental and theoretical
investigation of the influence of microstructure, and in particular of the grain boundary
connectivity, on Li dendrite formation and propagation using percolation theory. The
first and main goal of the paper is a detailed analysis of the microstructure and the grain
boundaries of LLZO using two different synthesis routes. The second aspect is dedicated
to the question of whether established percolation models for intergranular corrosion in
metallic systems, for which a deep understanding of the different types of grain boundaries
and their resistance to corrosion has been achieved as explained above, can similarly be
applied to failure mechanisms in LLZO-based all-solid-state batteries.
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2. Materials and Methods
2.1. Experimental Investigations
2.1.1. Synthesis and Fabrication of LLZO Samples

The different grain sizes of LLZO pellets are obtained from two different synthesis
routes of the precursor powders, a conventional solid-state reaction (SSR) [22] and a
solution-assisted solid-state reaction (SASSR). Then, both precursor powders are sintered
using hot-pressing in order to achieve a high density, i.e., close to theoretical density of
a defect free and perfect crystal. The optimal sintering temperature for each precursor
powder was determined from the onset temperature for shrinkage from densification
curves obtained by dilatometric analysis.

For the solid-state reaction, the starting reagents listed here are mixed in stoichiometric
amounts: LiOH·H2O (98%, Merck, Darmstadt, Germany, with 20 mol% excess for the
compensation of lithium loss during the next calcination and sintering steps), La2O3 (99.9%,
Merck, Darmstadt, Germany, dried at 900 ◦C for 10 h), ZrO2 (99.5%, Treibacher, Treibach,
Austria), Ta2O5 (99.5%, Inframat Corp., Manchester, USA) and 5 mol% α-Al2O3 (99.9%,
Inframat Corp., Manchester, NH, USA, as a sintering additive). The reaction mixture
is homogenized in a motor grinder (Retsch RM 200) for 30 min at a rotational speed of
100 rpm. Next, the resulting powder is pressed into pellets and tempered in an Al2O3
crucible at 850 ◦C for 20 h with a heating and cooling rate of 5 K/min in air. The pellets are
subsequently ground and pressed into pellets and calcined at 1000 ◦C for 20 h.

Alternatively, for the solution-assisted solid-state reaction, the starting reagents LiNO3
(99%, water-free, Alfa Aeser, Ward Hill, MA, USA, with 20 mol% excess), ZrO(NO3)· 6H2O
(99%, Sigma-Aldrich, St. Louis, MO, USA) and La(NO3)3· 6H2O (99%, Alfa Aeser, Ward
Hill, USA) are dissolved in distilled water. Then, C10H25O5Ta (99.9%, Strem Chemicals,
Newburyport, MA, USA) is slowly added dropwise to the metal salt solution upon contin-
uous stirring on a magnetic stirrer. The reaction mixture is dried at 80 ◦C overnight and
calcined at 400 ◦C for 3 h to burn out the organic residues, and then at 750 ◦C for 4 h in an
Al2O3 crucible.

After both synthesis routes of the precursor powders, the high density of the pellets is
achieved by a hot-pressing (HP) technique. The calcined pellets are thoroughly ground in
an agate mortar and the resulting powders are pre-pressed at 100 MPa into pellets with
a diameter of 13 mm using a uniaxial press (Paul-Otto Weber). For the powder from the
solid-state synthesis, the hot-pressing of the pellets is conducted at 1150 ◦C and 50 MPa
under a flowing N2 atmosphere for 3 h. Similarly, for the powder from the solution-assisted
solid-state synthesis, the hot-pressing is conducted at 1075 ◦C and 50 MPa under the same
flowing N2 atmosphere for 3 h. The hot-pressed pellets are then cut into ∼0.65 mm thick
slices by using a diamond saw under ethanol.

2.1.2. Sample Characterization

The purity of the phases and the crystal structure of the hot-pressed LLZO samples are
characterized by X-ray diffraction (XRD) using the Bruker D4 Endeavor diffractometer with
Cu-Kα radiation in a 2θ range from 10◦ to 80◦ with a step size of 0.02◦ at room temperature.

The relative densities of the HP pellets are determined via Archimedes’s method using
water as a liquid medium.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) (Thermo Ele-
mental, IRIS Intrepid) is used to determine the elemental composition of the hot-pressed
LLZO samples. For this, 50 mg LLZO samples are dissolved in a solution of 2 g ammonium
sulphate and 4 mL H2SO4, until the powder is completely dissolved. The obtained solution
is diluted to 50 mL by using distilled water for the ICP-OES analysis. The experimental
inaccuracy of ICP-OES analyses is about 3% of the measured concentration.

For the microstructural investigations, the pellets are mechanically ground using SiC
sandpapers up to 4000 grit and mirror-polished by a water-free diamond suspension up
to 0.5 µm under a 10 N force. In order to remove the surface contamination of the LiOH
and Li2CO3 layer and to reduce the surface roughness, thermal etching under flowing
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Ar for 2 h at 800 ◦C and the plasma-etching in the glove box (with Ar atmosphere) are
conducted before polishing. For the scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD) measurements, the pellets are transferred into the chamber
immediately after the final polishing step is finished, in order to minimize the surface
contamination, e.g., by carbonate formation, from the exposure to the moist air. The SEM of
the precursor powders and HP pellets and the EBSD of the HP pellets are performed on the
scanning electron microscope JEOL JSM-7000F (2006) with a combined EDX/EBSD-System
EDAX Pegasus.

The EBSD measurements are conducted at an accelerating voltage of 30 kV with a
lateral resolution of 1.2 nm and the HP pellets are tilted at 70◦ toward the EBSD detector.
A working distance of 20 mm and a step size of 1 µm are used for EBSD mapping. The
scanning area of the HP pellets is large enough (500 µm × 1000 µm), so that a sufficient
statistical accuracy can be achieved with a huge number of investigated grains and grain
boundaries. The grain boundary (GB) and triple junction (TJ) analysis of LLZO pellets
is conducted from the collected EBSD data using the open source toolbox MTEX [23] in
Matlab. The grain boundary misorientation angle θ is calculated from the rotation angle
with respect to the crystal symmetry, which can be obtained from the Euler angles (φ1, Φ,
φ2) of the adjacent grains.

2.2. Percolation Models

As reported in Ref. [20], percolation theory can predict intergranular corrosion degra-
dation preferentially occurring along the grain boundaries in steels. The basic idea includes
a binary classification of the grain boundaries present in the material, i.e., coincidence site
lattices (CSLs) and random grain boundaries. The CSLs are grain boundaries for which
the adjacent periodic crystal lattices have common atomic positions in order to obtain
the most stable energetic state [24,25]. They are characterised by the quantity Σ, which
is the density of the coincident sites in crystal lattice [26,27]. For example, Σ5 means that
every fifth lattice site is a coincidence site. This distinction reflects whether an individual
grain boundary is expected to block percolation of ions (“resistant grain boundary” for
CSLs) or support it (“susceptible grain boundaries” for random grain boundaries). In the
analysis of grain boundary microstructures in polycrystalline materials, grain boundaries
with a misorientation angle θ ≤ 15◦ are considered as low angle grain boundaries (LAGBs)
based on the dislocation structure [26]. LAGBs consist of isolated dislocations and are not
participating in the percolating process [20,21]. High angle grain boundaries (θ > 15◦)
with low-Σ values are defined as CSL boundaries (CSLs) and Brandon’s criterion [25],
∆θ = 15◦/Σ0.5, is used to calculate the deviations from CSLs in the cubic structure. Other
grain boundaries with high-Σ value or grain boundaries that cannot be described by CSLs,
i.e., the misorientation angle of the grain boundary is far beyond the deviations from Bran-
don’s criterion, are considered as random grain boundaries. This classification proposes a
distinction between grain boundaries, which may be susceptible to Li plating, and resistant
grain boundaries. According to the raised hypothesis, fatal failure could occur in such a
network if a percolating path of susceptible grain boundaries may form inside the solid
electrolyte, connecting anode and cathode.

In addition to the first picture, where grain boundaries themselves are considered as
the limiting elements to form a conducting network, the focus of the second picture is on
the triple junctions, where three adjacent grain boundaries come together. The connection
between two conducting grain boundaries has to cross the triple junction, and the triple
junction itself can be considered as a conducting or blocking element. Hence, according
to this picture, triple junctions may play an important role in the connectivity of a grain
boundary network. The triple junctions in the microstructure can be distinguished by the
number of CSLs connected, namely the ”resistant triple junctions“ with 3-CSL or 2-CSL
connected, and the “susceptible triple junctions” with 1-CSL or 0-CSL connected [28,29],
which are schematically shown in Figure 1.
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Figure 1. Schematic sketch of two different types of triple junctions in terms of percolation probability:
the triple junctions with 3-CSL and 2-CSL are resistant triple junctions, which are expected to block
Li percolation; the triple junctions with 1-CSL and 0-CSL are susceptible triple junctions, which are
potentially active for the Li plating process. Here, thin blue lines denote CSLs, while bold black lines
denote random grain boundaries.

Only the triple junctions with at least two random grain boundaries are considered to
be susceptible to percolation, which are potentially the active entities in the process of Li
plating and percolation along grain boundaries in the solid electrolyte.

In a two-dimensional calculation of the homogeneous bond percolation for the hexag-
onal or honeycomb lattice, which is assumed to approximately represent polycrystalline
microstructures considering the topological rather than the geometric nature appropriately,
the theoretical percolation threshold (pc) of the susceptible grain boundaries/triple junc-
tions is about 65% (fraction of resistant grain boundaries/triple junctions is 35%) [30,31].
This percolation threshold is confirmed by both analytical models [32] and experimental ob-
servations [33], since the honeycomb lattice can reflect the connectivity of the polycrystalline
structure. Based on the aforementioned distinction of grain boundaries and triple junctions,
we can investigate whether such a percolation model is suitable for the lithium plating
failure across grain boundary networks in the sense of homogeneous bond percolation.

3. Results and Discussion
3.1. Microstuctural Analysis

Dense LLZO samples (99% of the theoretical density of a perfect crystal) with larger
grains (LG) and smaller grains (SG) are obtained by hot-pressing of LLZO precursor
powders with different particle morphologies (see Figure 2 and Table 1), synthesized by
the conventional solid-state method and solution-assisted solid-state synthesis method,
respectively.

Table 1. Summary of synthesis route information leading to different grain sizes in the samples.

Sample Powder Synthesis Surface Roughness Grain Size

SG SASSR 147 ± 10 nm 7.25 ± 4.29 µm
LG SSR 202 ± 10 nm 10.30 ± 6.07 µm

The actual composition for the hot-pressed LLZO obtained from both synthesis routes
is Li6.3Al0.01La3Zr1.6Ta0.4O12, according to the ICP-OES analysis. XRD analysis confirms
the formation of the pure cubic garnet phase (space group Ia3̄d) of the SG and LG samples.
The SEM micrographs of the surfaces of the hot-pressed LLZO samples and corresponding
XRD patterns are presented in Figure 3.
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Figure 2. SEM images of precursor powders synthesized from: (a) conventional solid-state reaction
(SSR) and (b) solution-assisted solid-state reaction (SASSR).

Figure 3. SEM images of the pellets with (a) larger grains (LG) and (b) smaller grains (SG). The
visible surface pores are removed by polishing before further processing. The corresponding (c) XRD
patterns of the pellets are compared with the cubic phase of Li6.5La3Zr1.5Ta0.5O12, calculated from
the results of Awaka et al. [34].

3.2. Grain Boundary and Triple Junction Classification

From the EBSD grain orientation maps of the hot-pressed pellets (Figure 4), the grain
size (largest grain diameter) statistics is evaluated and shown in Figure 5.
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Figure 4. EBSD mean grain orientation maps with grain boundaries in solid black line of the hot-
pressed pellets (a) LG, (b) SG and (c) the inverse pole figure [001] to indicate the cystallographic
orientations.

Figure 5. Grain size distribution histograms obtained from EBSD analysis of the hot-pressed pellets
(a) LG, (b) SG.

The mean grain size of each hot-pressed pellet and its corresponding standard devia-
tion are summarised in Table 1. For the sample of small grains (SG), the grain size is more
centrally distributed than that of the sample of large grains (LG).

The grain boundary misorientation is also investigated from EBSD data and compared
with the Mackenzie distribution [35] to determine its randomness (Figure 6).

A wide range of misorientation angles from 15◦ to 65◦ is observed in both LG and SG
pellets. Apparently, no low angle grain boundaries (LAGBs), which have a misorientation
angle below 15◦, are detected, and therefore the calculated length fraction of LAGBs is
confirmed to be 0%. Hence, all grain boundaries in the pellets are either coincidence
site lattices (CSLs) or random grain boundaries. The fraction of grain boundaries with
relatively lower misorientation angle (from 15◦ to 35◦) in SG samples is larger than the
theoretical Mackenzie distribution, indicating that the grain boundaries in SG pellets prefer
to have a lower lattice mismatch. In contrast, in LG samples, the distribution of grain
boundary misorientation is in coincidence with the Mackenzie distribution, indicating a
non-preferential orientation of the grains.
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Figure 6. Grain boundary misorientation angle maps and distribution histograms compared with the
misorientation density function (MDF) according to the Mackenzie distribution [35] in the selected
area of the pellets: (a) LG, (b) SG.

Based on the crystal symmetry and the orientation from the EBSD measurements, we
calculate the misorientation angles (θ◦) for CSLs (up to Σ49) from their Euler angles and
evaluate a specific deviation angle (∆θ◦) for each CSL according to Brandon’s criterion [25],
∆θ = 15◦/Σ0.5, which is summarised in Table 2.

The grain boundary fraction of each type is given by the length fraction, i.e., the
total grain boundary length of one type normalised to the total length of all the grain
boundaries. The fraction of different types of triple junctions is given by its number fraction.
The evaluation for the grain boundary distribution is conducted through the entire EBSD
scanning area of 500 µm × 1000 µm. The calculated fraction of CSLs and random grain
boundaries are summarised in Table 3.

Table 2. List of CSLs (Σ ≤ 49) with Brandon’s criterion in cubic LLZO (CSL type Σ , Euler angles
(φ1, Φ, φ2) in degree, misorientation angle θ◦ and its deviation ∆θ◦).

Σ φ1 Φ φ2 θ◦ ∆θ◦

3 63.43 48.19 333.44 60 8.66
5 53.13 0 0 36.87 6.71
7 56.31 31 326.31 38.21 5.67
9 104.04 27.27 284.04 38.94 5
11 108.44 35.10 288.44 50.48 4.52

13a 22.62 0 0 22.62 4.16
13b 53.13 22.62 323.13 27.80 4.16
15 111.80 21.04 291.80 48.19 3.87

17a 28.07 0 0 28.07 3.64
17b 85.24 45.10 318.37 61.93 3.64
19a 99.46 18.67 279.46 26.53 3.44
19b 59.04 37.86 329.04 46.83 3.44
21a 51.34 17.75 321.34 21.79 3.27
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Table 2. Cont.

Σ φ1 Φ φ2 θ◦ ∆θ◦

21b 116.57 25.21 296.57 44.42 3.27
23 116.57 16.96 296.57 40.46 3.13

25a 16.26 0 0 16.26 3
25b 90 36.87 306.87 51.68 3
27a 105.95 15.64 285.95 35.43 2.89
27b 101.31 22.19 281.31 31.59 2.89
29 79.38 34.15 312.51 46.40 2.79
31 113.20 29.43 293.20 52.20 2.69

33a 97.13 14.14 277.13 20.05 2.61
33b 119.75 14.14 299.75 33.56 2.61
33c 68.20 40.75 338.20 58.99 2.61
35 50.04 19.46 329.04 34.05 2.54

37a 18.98 0 0 18.98 2.46
37b 110.56 13.35 290.56 43.14 2.47
39a 54.46 26.18 324.46 32.20 2.40
39b 83.99 29.33 317.12 50.13 2.40
39c 85.60 41.96 302.47 50.13 2.40
41a 12.68 0 0 12.68 2.34
41b 108.44 17.97 288.44 40.88 2.34
43a 102.53 12.38 282.53 27.91 2.29
43b 76.87 45.76 324.25 60.77 2.29
45a 75.96 27.27 309.09 36.87 2.24
45b 81.87 38.94 315 53.13 2.24
47 108.44 23.81 288.44 43.66 2.19

49a 113.96 11.60 293.96 43.57 2.14
49b 116.57 33.20 296.57 49.23 2.14

Table 3. Summary of grain boundary characteristics for small grain (SG) and large grain (LG) samples
of HP-LLZO.

Property SG LG

d̄ (µm) 7.25 10.30
Grain Boundary Distribution

CSL% 12.29 13.31
Σ3% 1.42 1.78
Σ9% 1.00 0.91
Σ27% 0.71 0.65

Triple Junction Distribution
f0CSL% 62.65 61.55
f1CSL% 32.05 31.70
f2CSL% 5.02 6.20
f3CSL% 0.27 0.54

f = f2CSL/1 − f3CSL% 5.04 6.23

For reasons which will be discussed in the following section, we use here a rather high
limiting value of Σ49 for the distinction between CSL and random grain boundaries. We
can conclude that both SG and LG samples have a very low fraction (< 15%) of CSL grain
boundaries and a high fraction of random grain boundaries. The fraction of the former in
LG sample (13.31%) is slightly larger than that in SG sample (12.29%), but this difference is
not significant.

In general, the fraction of CSLs in a microstructure is dependent on the stacking-fault
energy of the material. Metallic polycrystals such as stainless steels have a low stacking-
fault energy, resulting in a high fraction of CSLs [36]. Twinning often occurs when there
are not enough slip systems to accommodate deformation or when the material has a
very low stacking-fault energy. A fundamental effect of the twin formation on the CSL
distributions is via the crystallographic constraints related to the CSL framework, i.e., the
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so-called Σ-product rule, also named as coincidence index combination rule [27,36,37]. It
describes that the integer product or quotient of the Σ values of any two CSLs connected
at one triple junction is equal to the Σ value of the third CSL, i.e., Σx × Σy = Σxy or Σx/y.
This product rule is strictly valid only for triple junctions with three non-random grain
boundaries and for the material with a cubic symmetry [27]. One typical example is the Σ3n

(n = 1, 2, 3) product effect, which indicates an interaction between Σ3-, Σ9- and Σ27-CSLs.
If the fraction of Σ3-CSLs is increased through deformation and an annealing process,
the corresponding fraction of Σ3n type boundary increases and thus the microstructure is
enhanced with increased resistant triple junction fraction [20,33].

In the further analysis of the grain boundary distribution in our LLZO pellets, the
twin-characterized Σ3 grain boundary is observed to have a small fraction, that is 1.42%
in SG and 1.78% in LG, corresponding to the low fraction of the CSLs. The total fraction
of Σ3n-CSLs, which are dominant in a twin-limited microstructure [33], is 3.13% for SG
and 3.34% for LG. As listed in Table 3, these fractions are much smaller than the total
CSL fraction in each pellet and even far smaller than the Σ3n-CSL fraction in the twinned
metallic microstructure (> 20%) [20,33,38]. Furthermore, the fraction of the triple junctions
with 3-CSLs in both pellets is f3CSL < 0.55%, which means that the possibility for a triple
junction to have 3-CSLs connected is very small. Thus, we can conclude that the garnet
type hot-pressed ceramic LLZO is not a twin-limited microstructure and the product rule
for Σ3n-CSLs is not applicable in the investigated samples. Aside from the absence of
slip systems in LLZO, which describe the dominant energy scale for plasticity-driven
recrystalisation in metallic systems, electrochemical aspects might also contribute to the
found discrepancy between LLZO and metallic grain boundary resilience. Specifically,
we note that recent investigations on grain boundary diffusivites have exhibited few
cases of Li diffusivities lower in GBs than in the bulk for twin GBs and comparable to
bulk diffusivity for certain types of screw GBs in LLZO, see Ref. [39,40]. The absence of
a preference for low-energy states under long time tempering increases the number of
fundamentally different characteristics between metallic and ceramic grain boundaries
concerning transport properties [20,21,33,38].

Finally, Figure 7 presents the distributions of CSLs, random grain boundaries and
different triple junction structures in the LLZO pellets.

The results are summarized in Table 3. We can see clearly the dominance of random
grain boundaries and triple junctions with 0-CSL (>60%) and 1-CSL (>30%).

Figure 7. CSL grain boundaries (Σ ≤ 49), random grain boundaries and different triple junction
structures (with different numbers of connected CSLs) in the selected area of the pellets: (a) LG and
(b) SG.

3.3. Percolation Hypothesis

In this section we return to the raised question, whether established grain boundary
and triple junction percolation models, e.g., for corrosion or embrittlement in metallic
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systems, could also be useful for failure in LLZO-based all-solid-state batteries. This
question can now be addressed based on the extended analysis of the preceding section.

There is extended experimental evidence from the percolation analysis in the corrosion
tests of stainless steel that the low-Σ CSLs, especially these with Σ ≤ 29, have a higher
resistance to percolating degradation than the random grain boundaries [20,21,33,38]. In
contrast, the above results for LLZO show a clear dominance of random grain bound-
aries. To ensure a specific choice of a cutoff criterion between CSL grain boundaries that
are considered as resistant, and random grain boundaries that may be susceptible to Li
plating, is not affecting the result, we shift the transition between these two categories
even up to Σ49. The percolating paths in the microstructure are broken according to the
conjecture if the resistant grain boundary fraction is larger than 65% (or susceptible grain
boundary fraction is smaller than 35%) from the homogeneous bond percolation theory
of the honeycomb lattice [20,30,31,33]. Obviously, with a random grain boundary fraction
of about 87%, which is far above 35%, this criterion is fulfilled under all circumstances,
hence percolation should always occur. We can therefore conclude that a distinction of
grain boundaries according to CSLs and random grain boundaries does not lead to a
applicable criterion to predict percolation-based failure of solid electrolytes. Aside from
the honeycomb structure, we arrive at the same conclusion for a random network of either
CSLs or random grain boundaries [20,41], with a slightly higher tendency for percolation
in SG pellets. A consideration on the basis of resistant triple junction also leads to a similar
picture. As suggested by Kumar [33], the fraction of resistant triple junctions is defined
as f = f2CSL/1 − f3CSL and is listed in Table 3. Here it is shown that the resistant triple
junction fraction f and the CSL boundary fraction in SG samples are smaller than those in
LG pellets, which is consistent with other publications [20,21]. From our results above, the
fraction of resistant triple junctions of the pellets f (5.04% in SG, 6.23% in LG pellets) would
be far smaller than the threshold for percolation suppression, contrary to the experimental
findings that the majority of samples does not suffer from short-circuiting at the first battery
cycles. However, LLZO-based all-solid-state batteries can still fail at post cycling stage due
to intergranular Li penetration [4,42,43].

We can therefore conclude this section by the statement that a percolation criterion for
Li plating based on the classification between resistant and susceptible grain boundaries
similar to metallic systems does not seem to be appropriate. Nevertheless, the distinction
of grain boundaries may still have an influence on the Li plating kinetics and could
therefore affect the long term stability of solid electrolysis. This topic may be the subject of
future investigations.

4. Conclusions

In this paper, the microstructure, and in particular the grain boundary and triple
junction characteristics of LLZO hot-pressed pellets, which were synthesized using two
different processing routes, were analyzed. Based on these results, an investigation of the
transferability of a percolation-based failure model from metallic systems to ceramic solid
electrolyte systems was performed. The key results are summarised as follows:

• The synthesis methods of the precursor powder and hot-pressed pellets are successful
in producing large amounts of pure cubic phase of Ta:LLZO with very high relative
density, the same composition and surface treatment, but with different grain size
distributions, namely small grain (SG) and large grain (LG) samples.

• The fraction of CSL grain boundaries are slightly larger in the LG sample than those
in the SG sample.

• The fraction of random grain boundaries is significantly higher than in typical metallic
materials.

• Our investigations indicate that percolation-based failure criteria, which are success-
fully used, e.g., for corrosion of austenitic steels, cannot be applied for the prediction
of Li plating along grain boundaries in LLZO as solid electrolytes. This conclusion
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does however not exclude that different grain boundary characteristics can influence
the delayed failure after long operation times.

Overall, the results suggest that the solid electrolyte LLZO is rather robust against
Li penetration from the perspective of grain boundary percolation, and at least we do
not find strong model-based arguments for such a failure mode. Therefore, the early
manufacturing steps of the solid electrolyte, which are decisive for the grain structure, and
which were proposed as origin for grain boundary percolation, are probably not competing
with fracture induced failure during later fabrication and operation [6]. In turn, tuning of
the grain structure may therefore be a suitable way to improve the mechanical stability of
the solid electrolyte against fracturing or even to enable self-healing features.
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