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Abstract 

The NASICON type solid electrolyte LATP is a promising candidate for all-solid-state 

Li-ion batteries considering energy density and safety aspects. To ensure the 

performance and reliability of batteries, crack initiation and propagation within the 

electrolyte need to be suppressed, which requires knowledge of the fracture 

characteristics. In the current work, micro-pillar splitting was applied to determine the 

fracture toughness of LATP material for different grain orientations. The results are 

compared with data obtained using a conventional Vickers indentation fracture (VIF) 

approach. The fracture toughness obtained via micro-pillar splitting test is 0.89 ± 0.13 

MPa∙m1/2, which is comparable to the VIF result, and grain orientation has no 

significant effect on the intrinsic fracture toughness. Being a brittle ceramic material, 

the effect of pre-existing defects on the toughness needs to be considered.  
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Introduction  

All-solid-state lithium batteries currently obtain increasing attention in the energy 

storage field due to their high energy capacity and improved safety aspects compared 

to the conventional lithium batteries containing liquid electrolytes [1, 2]. The key 

component of the all-solid-state lithium batteries is the solid electrolyte, for which a 

series of different solid electrolyte materials have been developed recently [3]. The 

sodium zirconium phosphate (NASICON) type electrolyte, Li1+xAlxTi2-x(PO4)3 (LATP) 

ceramic material is one of the most promising potential inorganic electrolytes that is 

known to exhibit the electrochemical and chemical stability upon contact with lithium 

metal as well as high ionic conductivity [4-6].  

 

The electrolyte of the battery suffers from the cyclic chemical expansion due to the 

lithium ions intercalation and extrapolation in the electrodes as well as the thermal 

expansion during charging/discharging, which requires mechanical stability of the 

electrolytes materials to ensure long-term operation [7-11]. In addition, the formation 

of lithium dendrites and their propagation leading to micro-cracks inside the 

electrolytes have been reported as a challenge for the battery life [7-10]. Hence, the 

mechanical properties of the solid electrolyte materials, such as elastic modulus (E), 

hardness (H), and fracture toughness (KIC), need to be investigated. In particular, the 

fracture toughness of the electrolyte appears to be quite critical as it indicates the 

materials’ resistance to crack propagation, which might occur during battery operation 

leading to eventual component failure.  

 

The fracture behavior of solid electrolytes has been assessed in a number of 

publications using different methods. The effect of micro-cracking on ionic 

conductivity in LATP has been reported by Jackman et al. [12], indicating twice the 

ionic conductivity of fine-grained LATP compared to coarse-grained LATP due to 

reduced fracture at grain boundaries; the fracture toughness of LATP material evaluated 

via single-edge pre-cracked beam method was 1.1 ± 0.3 MPa∙m1/2. As reported by 

Athanasiou et al. [13], the LATP material can be toughened through the addition of 



reduced graphene oxide (rGO), resulting in fracture toughness values of 1.1 MPa∙m1/2, 

2.4 MPa∙m1/2 and 3.7 MPa∙m1/2 for spark plasma sintered LATP, 1% rGO LATP and 5% 

rGO LATP, respectively. Both single-edge notched beam and Vickers indentation 

methods were used in that study. Dashjav et al. [14] investigated the mechanical 

stability of LATP material with 1.5% SiO2 reporting the Weibull modulus and 

characteristic fracture strength via ball-on-3-ball test as 13 and 168  MPa, respectively, 

with 90% confidence intervals of 8-17 and 161-175 MPa, respectively.  

 

Fracture testing in the case of, for example, single-edge notched beams typically 

requires a large number of pre-cracked test specimens of a certain size, which often 

limits the applicability of such conventional standard methods due to materials 

availability [15]. Therefore, for thin functional ceramics that are often produced 

nowadays, three types of methods are used to evaluate the fracture toughness, i.e. pre-

cracked beam tests (e.g., single-edge notched bend test, middle-crack test, double 

torsion testing), Vickers indentation fracture (VIF) test, and micro-pillar or micro-

cantilever tests [16].  

 

The VIF test adopts a standard Vickers indenter to induce an impression on a 

polished intact specimen surface creating a plastically deformed zone underneath the 

imprint as well as cracks running outward and radially downward from the imprint  [17]. 

To obtain a good estimate of the fracture toughness via VIF testing, a critical factor is 

to precisely determine the crack length. The micro-pillar splitting method is based on 

the indentation of micro-pillars [18, 19]. The crack nucleates inside the pillar once a 

critical load is achieved. Knowing the original pillar dimensions, the fracture toughness 

can then be evaluated. The micro-pillar splitting method has been developed only 

recently and still needs to be developed and improved further, in particular for smaller 

samples [15, 19].  

 

LATP possesses a rhombohedral phase structure indicating anisotropic mechanical 

properties, which has indeed been verified experimentally for both elastic modulus and 



hardness by indentation mapping [20]. The results indicate that the rotation angle from 

basal plane to prismatic plane can significantly affect the mechanical properties. The 

experimental elastic modulus and hardness of LATP were reported to be in the range of 

107 to 150 GPa and 5.5 to 10.0 GPa, respectively [20], which is similar to the elastic 

moduli of 81 and 115 GPa and hardness of 7.1 ± 0.4 GPa reported in [12]. The 

anisotropy of the elastic modulus was also confirmed by first principle calculations [21] 

yielding a range of 139.0 to 152.5 GPa for the elastic modulus of the LiTi2(PO4)3 type 

material.   

 

Recent studies applied the micro-pillar splitting method and the conventional VIF 

method [22, 23] to evaluate the fracture toughness of Al-doped Li7La3Zr2O12 (LLZO) 

electrolyte. The fracture toughness values of LLZO obtained by micro-pillar splitting 

was ~ 1 MPa∙m1/2 and comparable to VIF results [22]. The grain boundaries appeared 

to enhance the fracture toughness slightly as verified by testing single grains and grain 

agglomerates [23]. Mughal et al. [24] investigated the fracture toughness of the cathode 

material LixMn2O4 under different charging states using high-speed nanoindentation, 

which facilitates a robust and efficient evaluation of elastic modulus and hardness, 

indicating that the fracture toughness can be affected by volume change, defect density 

and stress associated with lithium diffusion. The micro-pillar splitting test, therefore, 

enables a local characterization of the fracture behavior of battery materials facilitating 

advanced studies of the failure behavior. In this work, we studied the fracture toughness 

of solid electrolyte material LATP by micro-pillar splitting for different grain 

orientations.   

 

Experimental  

The preparation of the LATP material was conducted following the procedure 

specified in [25, 26]. Firstly, the raw powders for LATP were synthesized via a 

conventional sol-gel method. A mixture of Ti(OC3H8)4 and NH4OH (Aldrich, 30% 

solution) in a ratio of 1:2 was used to obtain the gelatinous precipitates, which was then 

stored in 100 ml of deionized water. A clear solution of H2[TiO(C2O4)2] was produced 



with addition of 200 ml of 1 M oxalic acid (Aldrich, 99.9%), then mixed with 

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

excess LiCOOCH3∙2H2O (Aldrich, 98%). The mixed solution was stirred and heated to 

80 °C with a hot plate to gain well mixed precipitates. Pre-annealing of the precipitates 

was conducted at 850 °C for 5 h in air, thereafter the obtained powders were milled and 

introduced into a cylinder mold for uniaxial pressing at 40 kN. The compressed 

cylindrical pellets were subsequently isostatically pressed with 1425 kN load for 10 s 

and synthesized for 11 h at 1100 °C to obtain LATP samples. The relative density 

estimated based on Archimedes’ principle with water was 96.7% [20]. The total ionic 

conductivity of the LATP determined by electrochemical impedance spectroscopy was 

0.18 mS/cm [20], which is in good agreement with the value of 0.2 mS/cm reported in 

[12, 27] and higher than that reported for some other typical solid electrolytes, such as 

LIPON (3.3×10-6 S/cm) [28] or LISICON (~ 10-6 S/cm) [29-31].  

 

The microstructures of the LATP samples were characterized by scanning electron 

microscopy (SEM, SUPRA 50VP, Zeiss Microscopy, Oberkochen, Germany). The 

software “AnalySIS pro” was used with line intercept technique for further analysis 

yielding a grain size of 12.1 ± 5.9 μm of the sample. X-ray diffraction (XRD, Bruker 4 

Endeavour spectrometer rigged with a LYNXEY 1D detector and a DIFFRACplus 

BASIC package 2009, Bruker AXS GmbH, Karlsruhe, Germany) was adopted to 

characterize the LATP crystal structure and phases. The XRD theta-2 theta scans were 

conducted at room temperature with Cu-Kα radiation in the range of 10° to 100° with 

scanning step of 0.02° / 2 s. Being a solid electrolyte material, the electrochemical 

property of the LATP is essential for its practical usage. Thus, the conductivity of the 

LATP pellets was assessed via a potentiostat equipped with a frequency response 

analyzer (Bio-Logic, SP-300, Seyssinet-Pariset, France) at frequencies from 7 MHz to 

1 Hz and voltage amplitude of 10 mV at 25 °C using a climate chamber (Binder KB 

115, Tuttlingen, Germany). The pellet with thickness of 0.3 mm and diameter of 11.3 

mm was gauged, of which surface was polished to remove potential contaminations as 

well as to obtain a flat surface, and a thin gold coating was sputtered on both sides of 



the pellet [26]. The basic properties of the LATP sample are summarized in Table 1. 

 

Table 1. Properties of the studied LATP material  

Sample Structure Grain size (μm) 
Relative 

density 
Conductivity (S/cm) 

LATP Rhombohedral (R-3c h) 12.1 ± 5.9 96.72% 1.83 × 10-4 

 

One LATP specimen was embedded into water-free resin and polished with a series 

of abrasive compounds (smallest grain size of 0.2 μm) together with polyethylene 

glycol (PEG) achieving a smooth sample surface. PEG polishing was employed to 

protect the sample from reaction with water, which can lead to a composition and 

microstructure change at the surface [32]. The grain orientations of the LATP sample 

were determined using electron backscatter diffraction (EBSD, with NordLys detector, 

Oxford Instruments, High Wycombe, UK).   

 

The open source MATLAB toolbox MTEX [33] was used to analyze the 

crystallographic texture on the basis of the EBSD data. The LATP material possesses a 

rhombohedral phase structure, which can be computed into a hexagonal lattice like the 

corundum mineral [34]. Based on the Euler angles, the angle between the surface plane 

to the basal plane and to the prismatic plane can be calculated. The details of the 

procedure can be found in [20]. As reported in [20], only the angle Ω from the basal 

(0001) plane to the vertical prismatic plane affects the mechanical properties, i.e., the 

elastic modulus and hardness, of LATP material. Considering the symmetric character 

of the hexagonal crystal system, the angle Ω is converted in the range of [0, π/2] and 

used for the pillar splitting test results analysis.  

 

The micro-pillars were fabricated by focused ion beam (FIB) milling (Auriga, Zeiss 

Microscopy GmbH, Oberkochen, Germany) at an acceleration voltage of 30 kV and 

moderate beam currents of 2-15 nA. The pillars were positioned in selected grains and 

milled to diameter and height of 10 µm maintaining a fixed aspect ratio (height / 



diameter) of 1 to eliminate any potential residual stress effect on the top surface of the 

pillars [18, 19]. In total two batches of 8 pillars each were fabricated in differently 

oriented grains.  

 

The fracture toughness of LATP was determined from the micro-pillar splitting 

approach utilizing a Berkovich tip [18, 19] and compared to the results obtained from 

the conventional VIF method [15]. The micro-pillar splitting test was carried out using 

a Nanotest Xtreme nanoindenter (Micromaterials Ltd., Wrexham, England) equipped 

with an optical microscope. Before the indentation, the pillar surfaces were scanned 

with the indenter tip at an imaging load of 0.002 mN and step length of 0.2 µm to ensure 

that the indentation was positioned exactly in the center of the pillar. The indentation 

experiments were conducted at a load rate of 2.5 mN/s until a maximum load of 50 mN 

was reached. From the load-displacement curves the critical loads for crack nucleation 

appearing as distinct kinks in the curves can be extracted. The fracture toughness of the 

pillars was then calculated applying the following equation [19]: 

 

𝐾𝑐 = 𝛾 ∙
𝑃𝑐

𝑅3 2⁄                                                           (1) 

 

where Pc is the critical load leading to pillar splitting, R the radius of the pillar and γ a 

dimensionless coefficient considering the crack propagation, indenter geometry, as well 

as the material properties. The coefficient γ has been identified evaluating a number of 

brittle materials having different modulus-to-hardness-ratios E/H [18, 19], yielding: 

 

𝛾 = 0.0149 ∙ (
𝐸

𝐻
) + 0.057                                             (2) 

 

Equation 2 was further expanded and validated by Cohesive-Zone Finite Element 

Modeling  for materials with E/H ratio ranging from 5 to 31 and Poisson’s ratios of 0.20 

- 0.30 [35-37]. Elastic modulus and hardness of this LATP material were reported as 

107 - 150 GPa and 5.5 - 10.0 GPa, respectively [20]. 



 

The macroscopic fracture toughness was estimated by the conventional VIF method, 

for which the elastic modulus and hardness of the LATP were determined in advance 

using nanoindentation. The indentation tests were carried out using a Fischer instrument 

with a Vickers tip (Fischerscope H100 Microtester, Helmut Fischer GmbH, 

Sindelfingen, Germany) to different loads of 50, 100, 300 and 500 mN to evaluate the 

effect of the porosity. For each load 20 indentations were conducted, with loading and 

unloading times of 10 s, holding period of 1 s and acquisition rate of 10 Hz. The 

indentations were conducted in the center of the large grains. The E and H were 

determined from the load-displacement data based on the Oliver-Pharr methodology 

[38] assuming an elastic modulus Ei = 1141 GPa and Poisson’s ratio νi = 0.07 of the 

diamond tip and Poisson’s ratio of νs = 0.25 for the LATP material [12, 21].  

 

For the VIF test, a series of loads of 0.5 N, 1 N and 3 N and holding time of 15 s 

were applied to induce the crack. At each load 5 indentations were employed and the 

produced imprints were measured immediately after the VIF experiment in the SEM to 

prevent any effect relating to moisture and carbon dioxide in the air. Commonly, radial-

median or Palmqvist indentation crack modes appear for ceramic materials [39]. When 

the ratio (l/a) of the measured crack length l to the half diagonal a is in the range of 

[0.25, 2.5], as verified in the current study, a Palmqvist crack relationship can be used, 

which is given in detail in [40].  

 

Results and discussion 

The sample was carefully inspected after surface preparation by SEM. As shown in 

Fig. 1(a), the pores were homogeneously distributed in the LATP sample.  Pores were 

found in both the grain boundaries and the grain interiors as shown in Fig. 1(b). At the 

grain boundaries, the pores have a rather irregular shape, whereas in the interior they 

appear more or less spherical due to the hydrostatic pressure of residual air, which was 

conserved during grain growth in the pre-annealing process [41]. The grain boundaries 

of the LATP sample are clearly visible, which is beneficial for the pillar fabrication and 



also conducting the low load indentation test in large grains.  

  

 

Figure 1. SEM micrographs of polished LATP sample at different magnifications: a) 

sample surface exhibiting a homogeneous distribution of pores, b) pores were found 

in the grain interior as well as at the grain boundaries, which are clearly visible.  

 

The polished as-sintered LATP samples were characterized by XRD to analyze the 

phase structure. The XRD results indicated that the sample was mainly composed of 

LATP in rhombohedral structure with a minor amount of secondary phase of AlPO4. 

The presence of a secondary phase can be attributed to the Li evaporation from LATP 

during high temperature sintering, during which the Al dopant level exceeded the 

solubility enabling the formation of the precipitates [42]. As demonstrated in previous 

work [20], the secondary phase is mainly present at the grain boundaries in small 

amounts and, within the scope of this study, its effect on the mechanical properties can 

be neglected.  

 

SEM micrographs of the micro-pillars together with the corresponding EBSD maps 

are shown in Fig. 2. Based on the high quality of the EBSD maps, it can be concluded 

that defects and residual stresses in the surface layer had been removed during the 

polishing process. Therefore, any effects of residual stresses on the fracture toughness 

determined by micro-pillar splitting can be ruled out. As shown in Fig. 2(c) and (d), the 

grains of the LATP specimen were randomly oriented. The big grains, which did not 

appear to have pores, were selected in order to reduce the influence of the pores on the 

pillar splitting.  



 

 

Figure 2. (a), (b) SEM micrographs of micro-pillars prepared by FIB positioned in 

selected locations of the LATP. (c), (d) EBSD maps showing the orientation of the 

selected grains. 

 

  

Figure 3. Load-displacement curves of indents into FIB-milled LATP micro-pillars. 

The critical loads (at the first pop-in) were in the range from 21.7 to 35.9 mN.  

 

The load-displacement curves obtained by the micro-pillar splitting tests are shown 
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in Fig. 3. In total the data of 13 pillars were used to calculate the fracture toughness, 

since pillars 8, 15 and 16 were crushed at low loads (see Fig. 6), likely caused by the 

presence of pores underneath the surface, see also [43]. Clear pop-ins can be seen in 

Fig. 3 and the critical loads are in the range of 21.7 to 35.9 mN. For some curves 

additional pop-ins appeared after the critical load had been surpassed indicating that 

additional cracks or crushing had occurred.  

 

Based on the results presented in [20], the values of E and H as a function of the 

rotation angle between the crystal plane to the basal plane are shown in Fig. 4(a). The 

corresponding E to H ratios are shown in Fig. 4(b). Noting that the easy-slip model [44, 

45] cannot predict the absolute value of the hardness, but rather a relative hardness, the 

hardness of 5.5 GPa at the prismatic plane was used as a reference value for 

normalization based on the experimental results in [20]. For the following fracture 

toughness calculation, we used the predicted elastic modulus and hardness of 111 - 166 

GPa and 5.5 - 10.0 GPa, respectively, as intrinsic properties of LATP [20]. The ratio of 

E to H has a minimum of around 15 at the basal plane and increases to an almost 

constant level   of around 20 as shown in Fig. 4(b). 

 

 

Figure 4. (a) The elastic modulus and hardness of LATP material as a function of 

rotation angle from the basal plane to the prismatic plane, and (b) the corresponding 

ratio of E to H.   

 



The derived fracture toughness of the pillars with different out-of-plane orientations 

is in the range from 0.72 to 1.10 MPa∙m1/2 with an average value of 0.89 ± 0.13 

MPa∙m1/2. The data used for the analysis according to equation (1), are summarized in 

detail in Table 2. As mentioned above, the grain size was 12.1 ± 5.9 μm. Therefore, the 

pillars of 10 μm nominal diameter were located inside single grains and the fracture 

toughness can be interpreted as intrinsic property of LATP material. The effect of the 

FIB preparation can be neglected, since a crack would propagate inside the pillar away 

from the surface affected by the Ga+ ion beam [18, 46]. Similar as reported for Si 

pillars with different diameters, the fracture toughness can be expected to be insensitive 

to FIB effects, which is also in agreement with the observations on LLZO materials 

with different grain size [23]. 

 

Table 2. Summary of micro-pillar test results.  

Pillar No. 
Radius 

(μm) 

Critical 

load (mN) 
Ω E/H 

Fracture 

toughness 

(MPa·m1/2) 

Average fracture 

toughness (MPa·m1/2) 

1 5.4 31.5 62.2 22.2 0.98 

0.89±0.13 

2 5.4 27.8 22.4 20.0 0.80 

3 5.2 22.4 70.2 21.7 0.72 

4 5.2 27.6 65.7 22.0 0.90 

5 5.2 34.0 69.6 21.7 1.10 

6 5.1 25.6 54.2 22.5 0.88 

7 5.1 35.9 11.9 18.3 1.02 

9 5.5 35.0 65.7 22.0 1.03 

10 5.5 26.1 65.7 22.0 0.78 

11 5.5 24.2 51.7 22.5 0.75 

12 5.1 21.6 51.7 22.5 0.75 

13 5.5 28.0 48.5 22.5 0.85 

14 5.4 30.5 48.5 22.5 0.96 

 

In order to study the dependence of the intrinsic fracture toughness of LATP material 

on the grain orientation, the fracture toughness as a function of correlated angle is 

plotted in Fig. 5. The KC is scattered showing no obvious dependency on the orientation 



angle, especially compared to the E/H ratio in Fig. 4(b), which increased towards a 

plateau value with increasing angle from the basal plane. A number of factors can 

influence the results from micro-pillar splitting, including indenter positioning accuracy 

[46], the loading rate [46], indenter angle [47], testing temperature [48], pillar size [23, 

46] and pre-existing defects [49]. In this work, the positioning effect can be neglected 

since the indenter tip was positioned based on a scan of the surface directly preceding 

the experiment, as well as the testing rate, indenter angle and testing temperature effects, 

which were fixed. Thus only the microstructure effect needs to be considered.  

 

Pillars 11 and 12 located in the same grain exhibited almost the same fracture 

toughness value (see Table 2), whereas for pillars 9 and 10, and pillars 13 and 14, which 

were also located in single grains, clearly different fracture toughness values were 

determined. In addition to grain orientation effects, such differences could be related to 

the slightly varied pillar size and/or pre-existing pores (as seen in Fig. 6 (e)). Therefore, 

it can be concluded that the grain orientation has no significant influence on the intrinsic 

fracture toughness of LATP material. The fracture toughness results obtained in this 

study agree well with the data of Jackman et al. [12] determined from single-edge 

notched bend tests, and Athanasiou et al. [13] reporting 1.1 MPa·m1/2 with a rather high 

uncertainty. Therefore, the micro-pillar splitting test can be adopted for characterizing 

the fracture properties of porous LATP material. 

 



 

Figure 5. Fracture toughness of LATP material determined from micropillar splitting 

as a function of rotation angle from basal plane to prismatic plane. The results are 

summarized in Table 2.   

 

The post-test images of the pillars are shown in Fig. 6. As can be seen in Fig. 3, some 

load-displacement curves of pillars show multiple pop-ins, while for some pillars the 

load never reached the set point of 50 mN, which was related to the crushing of those 

pillars as exemplified in Fig. 6(b). Since the micro-pillar splitting method only takes 

the critical load and energy, which initiated the crack, into account, the additional 

secondary cracks occurring at higher loads have no influence on the fracture toughness 

derivation.  

 

To better understand the crack propagation after the pillar splitting, which is 

beneficial for comprehending the effect of the microstructural features, such as defects 

and the grain orientation, on the fracture toughness, FIB cross sections of the tested 

pillars were prepared as shown in Fig. 6 (c), (d) and (e) revealing different failure modes. 

Fig. 6 (c) shows the most frequently observed failure mode of axial splitting of the 

micro-pillar characteristic of brittle failure and often reported for pillar compression 

tests [50, 51]. The failure appears as a single crack or multiple vertical cracks formed 

near the pillar center, which can also be found in Fig. 6(d) and (e). The dashed lines in 
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Fig. 6(d) indicate the side splitting inside the pillar, with the cracks propagating towards 

the side-face of the pillar. This effect can be attributed to the transverse force component 

during loading/unloading generated on the contacting surface, leading to a tensile state 

of the deformed zone close to the indenter, which was constrained by the bottom part 

of the pillar. The side splitting might also be related to the activated glide planes of the 

rhombohedral structure, which needs to be further investigated in future studies [52].  

 

As a porous ceramic material, the distribution of inhomogeneities or flaws cannot 

be neglected in the LATP material, even in the selected intact areas that appeared free 

from pores. The arrows in Fig. 6(e) mark the pre-existing weak interfaces, i.e., a pore 

and a grain boundary, which likely have led to premature failure thereby adding to the 

variation of the fracture toughness results.   

 

 

Figure 6. SEM micrographs of pillars after failure: typical top view of (a) a split pillar 

with the expected three-fold symmetry, and (b) a crushed pillar. FIB-prepared X-

sections reveal (c) axial splitting, (d) side splitting, and (e) cracks located in the pillar 

interior likely caused by local material inhomogeneities.  

 

Elastic modulus and hardness of the LATP sample obtained from indentation as a 

function of load are shown in Fig. 7. Both elastic modulus and hardness decrease with 

increasing indentation load and appear to gradually stabilize at higher loads. The 



decrease of E and H with increasing indentation load, hence, increasing indentation 

depth and a larger deformed zone, is likely associated to an enhanced effect of porosity 

and weak grain boundaries [53-55]. The values of E and H determined at a load of 50 

mN, i.e. 117.51 ± 10 GPa and 9.08 ± 1.31 GPa, respectively, were employed for VIF 

fracture toughness calculation of LATP.  

 

 

Figure 7. Elastic modulus (left axis, square symbols) and hardness (right axis, circle 

symbols) of LATP determined from indentation as function of load. The average of 20 

experiments is shown with error bars representing one standard deviation. 

 

 

Figure 8. SEM images of Vickers imprints into LATP after loading to (a) 0.5 N, (b) 

1 N and (c) 3 N. Note that the micrographs were obtained at different magnifications. 
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Conventional Vickers indentation fracture tests conducted at loads of 0.5 N, 1 N and 

3 N to generate crack patterns on the LATP sample for the fracture toughness 

determination. Typical SEM images of imprints obtained at different loads are shown 

in Fig. 8. Even though the large apparently pore-free regions were chosen for the 

indentation, when observing the resultant impressions, cracks intersecting with the 

grain boundaries can be found for all loads. For the loads at 1 N and 3 N, the material 

was crushed and chipped off at the edge of the imprints, which can be ascribed to the 

pores and weak grain boundaries beneath the surface. Thus, for loads of 1 N and 3 N it 

was not possible to estimate the fracture toughness. Regarding the low load of 0.5 N, 

the determination of the crack length was also difficult as some cracks intersected with 

the grain boundaries. Hence, the fracture toughness results via VIF method represent 

the bulk material’s behavior, and overall the VIF method can serve as a complementary 

method to the micro-pillar test. Adopting Niihara’s Palmqvist equation [56], the 

fracture toughness was estimated as 0.79 ± 0.06 MPa∙m1/2, which is in agreement with 

our pillar splitting results as well as the literature [12, 13].  

 

Although the results from the micro-pillar splitting and conventional VIF tests are 

in good agreement, these two testing methods and evaluation procedures are different, 

leading to the requirement of careful interpretation, which is discussed below. The 

application of the micro-pillar splitting test is quite straightforward using equation (1), 

of which the coefficient γ has been verified with a set of materials [18, 19].  The 

conventional VIF test is only an empirical method, the application of which to 

determine valid fracture toughness values is still under debate. Firstly, the VIF method 

correlates to an ill-determined crack capture condition [57]. In addition, the fracture 

mode needs to be determined depending on the l/a ratio and the appropriate equation 

needs to be selected [40]. For known E and H of a material, the micro-pillar splitting 

test requires only the critical load and pillar size, while the VIF method adopts a series 

of loads to generate regular cracks and requires precisely measured crack lengths. 

However, the micro-pillar splitting method also has some shortcomings. The fabrication 



of micro pillars usually adopting FIB is more complex than just the surface polishing 

needed for VIF [22, 46, 58]. Additionally, a load- and depth-sensing indentation setup 

with sufficient load resolution is necessary, whereas for the VIF test loads in the Newton 

range are applied. Fracture toughness in general is measured as energy consumption of 

a crack propagating over the specimen at a certain length scale, depending on the 

material’s structure and defects. Therefore, the sample for VIF testing should be 

prepared in larger size than that for micro-pillar splitting. Typically, the solid 

electrolytes applied in lithium batteries have a thickness of ~10 - ~100 microns [59, 60]  

and, thus, the micro-pillar splitting test is highly appropriate for studying the properties 

of LATP electrolyte at the application-relevant length scales.  

 

Conclusion 

Fracture toughness is a key property of the solid electrolyte expected to influence 

the all-solid-state lithium batteries’ performance and long-term operation. In the present 

work, micro-pillar splitting tests were conducted to assess the fracture toughness of 

LATP material accounting for the anisotropic elastic modulus and hardness of the 

rhombohedral structure characterized in our previous work [20]. The fracture toughness 

of LATP obtained from micro-pillar splitting was 0.89 ± 0.13 MPa∙m1/2, which is in 

good agreement with the macroscopic fracture toughness estimated from conventional 

VIF tests, i.e.  0.79 ± 0.06 MPa∙m1/2, and with literature results [12, 13]. The 

conventional VIF test cannot be applied at loads greater than 0.5 N, since significant 

surface damage occurs at higher loads.  

 

 The results of this study indicate that the grain orientation has no pronounced 

influence on the intrinsic fracture toughness of LATP material, which might require 

further consideration in materials development and application. The micro-pillar 

splitting method is particularly useful to determine the fracture toughness on a local 

scale and of small-sized samples, such as solid electrolyte materials with thickness ~10 

- ~100 microns, which are typical dimensions of the materials in application-relevant 

geometries. This work underscores the practical importance of the micro-pillar splitting 



method for the characterization of anisotropic materials and adds to understanding of 

the mechanical characteristics of LATP material.  
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