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Abstract

Solid state lithium ion batteries have high potential for future energy storage since they promise
high energy density and safety, latter being related to the mechanical properties of the materials.
For example the micro-battery, being one application of the solid state batteries, requires a thin
solid electrolyte, which renders especially anisotropic behavior of the materials’ properties
important. In particular, Li;+xAlyT124<(PO4)3 (LATP) is a promising solid electrolyte material that
possesses a rhombohedral crystal structure that might lead to such anisotropic mechanical
properties. In current work a nanoindentation test is combined with EBSD technique to correlate
elastic modulus and hardness of LATP to the crystal orientation. Furthermore, calculations based
on the Vlassak-Nix and easy-slip models are adopted to verify the anisotropic mechanical

properties. Overall, the experimentally derived elastic modulus and hardness of LATP show
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similar trends. The experimentally derived indentation modulus agrees well with the prediction
of the Vlassak-Nix model. The normalization of the experimentally derived hardness and the
hardness ratio from the easy-slip model reveal comparable trends. This work aids a deepening of
the understanding of the mechanical properties of LATP electrolyte and provides a basis for
further improvement of the Vlassak-Nix and easy-slip models in the application to rhombohedral
materials.
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1. Introduction

Lithium ion batteries gradually substitute traditional batteries, such as lead acid and alkaline
batteries, in applications in different areas ranging from micro-devices to spaceships [1].
However, due to their high energy capacity and reduction of safety concerns, recently solid
electrolytes are getting more attention in the application of solid state lithium ion batteries, rather
than conventional batteries that contain a liquid electrolyte [2, 3]. Nowadays, there are different
kinds of solid electrolytes based on glass, solid polymer, amorphous glassy material and
inorganic solid electrolytes [4]. In order to enhance micro-power storage in microelectronic
devices, potential solid electrolytes need to be selected and optimized for currently evolving
stack-up solid state lithium ion batteries, such as polymers and inorganic electrolytes [5].
Currently, the Lij+xAlTi;x<(PO4)s (LATP) ceramic material is one of the most promising
potential inorganic electrolytes, with sodium zirconium phosphate (NASICON) structure that is

known to satisfy electro-chemical performance requirements [6].

Although the electro-chemical behavior of solid electrolytes is a main aspect of materials
development, the mechanical properties are also an important factor in the practical application.
The solid electrolyte suffers from shrinkage and expansion of the electrodes as well as capable
lithium penetration during cyclic loading, which implies that the mechanical properties,
especially elastic modulus and hardness, should be considered [7, 8]. In addition, the lithium ion
battery cell is normally designed into cylindrical, prismatic or pouch types [9], which indicates
that the understanding of the mechanical characteristics of the battery materials is necessary to
promote the mechanical integrity of the battery cell to endure the structural working mechanical

stress and enhance the robustness against to the abusive loading [10]. It has been reported that



the coupled strain rate, ambient condition, anisotropy and the state-of-charge can affect the
mechanical behavior of the electrodes and polymer electrolytes [11, 12]. Although mechanical
characteristics of solid electrolyte materials have been reported in some works [1, 12-14], reports
on LATP’s are still limited. Micro-cracking effects on LATP with different grain size were
reported by Jackman et al. [15], where it was also indicated that the elastic modulus of the LATP
material as obtained via compressive test ranged from 81 to 115 GPa and the fracture toughness

12 The biaxial fracture

measured via single-edge notched beam method was around 1.1 MPa-m
strength of the LATP material was investigated by Cutler et al. [16], indicating that, with

exposure to different solutions, the strength varied from 144 MPa measured in air to 191 MPa

measured in mineral oil.

Regarding structural information, Goodenough et al. [17] reported that AI’" can be
incorporated into the LiTi,(PO4); (LTP) structure substituting the place of Ti*", yielding thereby
a higher concentration of Li", hence, improving the charging/discharging process. It was reported
that LATP possesses a better ionic conductivity at room temperature than both inorganic and

organic electrolyte materials [18].

LATP has a thombohedral crystal structure (space group: R3c), like LTP [19], of which the
unit crystal can be expressed in hexagonal notation [20]. It is known that rhombohedral materials
like hematite (0-Fe,O3) and corundum (a-Al,O3) with space group of R3¢ possess a prominent
anisotropy in mechanical properties and also other properties like magnetism [21-23]. Regarding
planar micro batteries, where the thickness of the electrolyte can be a few microns (with a total

unit cell thickness of < 20 um) [24], the preferred orientations of the electrolyte ought to be



selected to achieve better separation and support for the electrodes. Thus, the anisotropy of the
mechanical properties of LATP needs to be investigated to gain a deeper understanding of the

material, which is then also beneficial for any potential application in micro-scale devices.

Often nanoindentation testing is used for characterizing elastic modulus and hardness of
materials based on the Oliver & Pharr methodology [25, 26]. Due to the advantages of high
accuracy and repeatability, briefness in operation, low requirement of sample preparation etc.,
this technique has been adopted for plenty of materials using low loads and hence small
deformed volume to assess intrinsic properties [27-30]. On the other side, electron backscatter
diffraction (EBSD) based on the utilization of scanning electron microscopy (SEM) is commonly
applied in characterizing materials regarding information on phase structure, crystal orientation
and so on [31]. Hence, in order to study the anisotropic mechanical properties of the LATP,
nanoindentation and EBSD analyses are combined to derive correlations of elastic modulus and

hardness with lattice rotational angle.

In order to verify results and get deeper insight into underlying mechanisms, two models are
used in the current work to predict theoretical elastic modulus and hardness of the LATP
material. The Vlassak-Nix model was first proposed in [23] to predict the indentation elastic
modulus of anisotropic solids like brass and copper, and later it was applied in the
characterization of different materials [32, 33]. On the other side, the easy-slip model was
proposed by Csanadi et al. to characterize the anisotropic hardness ratio of materials [34]. Even

though this model is not able to predict the exact value of a material’s hardness, the variation of



the ratio shows yet the dependence of the hardness on the orientation. Both theories contain

several assumptions for the prediction, which will be discussed below.

Hence, the aim of this work is to investigate the anisotropy of the mechanical properties of
LATP. The experimentally derived elastic modulus and hardness of LATP are drawn into 3D
maps to gain insight into orientation effects, and the results are compared with those data derived
via the Vlassak-Nix model and easy-slip model, respectively. Furthermore, the results highlight
the advantages of both experimental and predictive approaches to assess the mechanical
anisotropy and verify the accuracy of experimental characterization and, at the same time, of
assumptions used in the two models. Thus, this work aids an understanding of the mechanical
properties of the rhombohedral material LATP and provides a basis for further improvement of

the Vlassak-Nix and easy-slip model in the application to rhombohedral materials.

2. Experimental
2.1 Sample preparation

The LATP material was prepared using the same procedures as described in [35, 36]. First,
Ti(OCsHg)s and NH4OH (Aldrich, 30% solution) were mixed in a ratio of 1:2 to obtain a
gelatinous precipitate, which was then stored in the deionized water. A Hy[TiO(C,04)] solution,
available from previous production with addition of 1 M oxalic acid, was mixed with
Al(NOs3); 9H,0 (Aldrich, 99.9%), (NH4),HPO, (Aldrich, 98%) and 5% excess LICOOCH; 2H,0
(Aldrich, 98%) and then milled. The uniform solution was heated under stirring up to 80 °C with
a hot plate in order to acquire well mixed precipitates. After a pre-annealing of the precursors at

850 °C in air for 5 h, the obtained powders were grinded and then filled into a uniaxial die and



pressed with a load of 40 kN. Afterwards the pressed powders were isostatically compressed

with 1425 kN for 10 s and then sintered at 1100 °C for 11 h to obtain the LATP samples.

X-ray diffraction (XRD: Bruker 4 Endeavour) was used to analysis phase and lattice structure
of the samples. Here Cu-K, was employed as XRD radiation source and scanning step were 0.02°
/ 2 s in the range of 10° to 100°. The porosity of the LATP was measured based on the
Archimedes’ principle to obtain the relative density of the material, which considers open
porosity. Since being a solid electrolyte material, the ionic conductivity of the LATP material
was also characterized with a potentiostat (Bio-Logic, SP-300) with the amplitude of 10 mV and
frequency ranged in 7 MHz to 1 Hz at room temperature in air. A sample with 0.3 mm thickness
and 11.3 mm diameter was tested, where the surface was grinded to obtain a flat surface and
eliminate potential effects of surface contamination, and furthermore both contact surfaces were

sputtered with gold.

2.2 EBSD of microstructure and orientation

One LATP sample was embedded in water-free resin and then well-polished, with the final
step of 0.2 um SiO; abrasive compound mixed with non-water Polyethylene Glycol (PEG), to
obtain a smooth surface. It was necessary to use a water-free polishing system to protect the
specimen from the loss of lithium via reaction with water, which might affect mechanical
properties of the material as well as the correct surface grain orientation information [29].
Scanning electron microscopy (SEM: Zeiss SUPRA 50VP) was adopted to assess the
microstructure as well as the indentation marks on the surface of the LATP. The software
“AnalySIS pro” was utilized to analyze the microstructure of the LATP material in order to

calculate the grain size. Electron backscatter diffraction (EBSD) integrated within the SEM was



employed to characterized the orientation of the grains of the LATP sample. The EBSD image
with high resolution was taken with an accelerating voltage of 15 kV, specimen tilt degree of 70 °

and acquisition speed of 39.5 Hz.

The orientation of the LATP grains was analyzed on the basis of the measured EBSD results
with the open source toolbox MTEX, which can be run in Matlab for evaluating the
crystallographic texture [37]. In the EBSD analysis the Euler angles (¢1, @, ¢2) are used to
describe the grain orientation. The illustration of relation between the crystal coordinate system

and principal sample coordinate system represented by Euler angles can be found in Fig. S1.

Since the LATP material is a rhombohedral mineral with structure like corundum, only the
angle @ and ¢2 were considered as the relevant index to see the possible effect of orientation on
the elastic modulus and hardness in this study. The three angles are theoretically in range of [0,
2m]. As the corundum structure of the LATP material can be computed into a hexagonal lattice
[38], considering the properties of the hexagonal symmetry, the angle @ is in the range of [0, /2]
and the angle ¢2 in the range of [0, m/3]. Note that, the Euler angles were recalculated to
characterize the angle between the random plane and basal plane, prismatic planes. In this work,
the angle @ represents the angle from parallel of basal (0001) orientation plane to vertical of
basal plane, and the angle ¢2 represents the angle between two prismatic (1010) type planes

during which rotating through one prismatic (1120) type plane.

2.3 Nanoindentation



The nanoindentation test, which is a frequently used method in assessment of the mechanical
behavior of materials [39, 40], was carried out to characterize the anisotropic mechanical
properties of the LATP material. A NanoTest Xtreme test setup from Micro Materials® was
utilized in the current work with a diamond Berkovich tip. The indentation tests were conducted
at room temperature in a depth control mode and fused silica was used as a standard material to
calibrate tip and machine compliance to ensure the data validity [41, 42]. A depth control mode
was chosen instead of a load control mode to avoid localized large damage of the specimen due
to large imprints, since imprints close to pores can be very large and interacted with neighboring
indentations. The holding time at maximum load of 300 nm and rate of acquisition during the

indentations were 10 s and 20 Hz, respectively.

As indicated above, the values of £ and H were derived from the load-displacement data via
the Oliver-Pharr methodology [26]. To obtain the elastic modulus of the LATP material, a
Poisson’s ratio, v; = 0.07, and Young’s modulus, E; = 1141 GPa, of the diamond indenter tip

were adopted and a Poisson’s ratio of v = 0.25 was used for the LATP material [15, 43].

The indentation tests were carried out on a surface area which was first characterized by
EBSD. Due to the test limitation of the machine (maximum 400 impressions per test set), two
individual areas were chosen to conduct the indentation mapping. The distance between the
imprints was fixed to 5 um in order to avoid interaction of the stress field of neighboring
impressions. When establishing the dependence of indentation results on grain orientation, only

indents which were inside LATP gains were taken into consideration. Indentations which were



close to a grain boundary or located within a distance of 5 um to pores were ignored to rule out

effects that might lead to additional complexities in the correlation of mechanical data.

2.4 Prediction of elastic modulus and hardness

In order to investigate non-experimentally potential anisotropies in the mechanical properties
of LATP, two theoretical models are adopted as a basis for later comparison with experimental
results. These models permit prediction of modulus and hardness, respectively. The Vlassak-Nix
model [23, 44] is used here to calculate the anisotropic elastic modulus related to the elastic
constants of LATP single crystal, since this model has been successfully applied in predicting the
elastic modulus of sapphire material, especially for the basal plane as well as in other the two
planes. Results matched with those reported in [45]. The ‘easy-slip’ model [34] is adopted to
simulate the anisotropic hardness variation of LATP material related to the slip system. It was
first introduced by the Csanadi et al. to calculate the hardness - orientation dependency of WC

material and the analytical calculated results fitted very well with experimental results in [46].

The Vlassak-Nix model assumes that a rigid tip penetrates into an anisotropic elastic plane of
a solid [23, 44]. In this model the Green’s function for calculating the vertical displacement of
the surface at a point load is adopted. A Rayleigh-Ritz approximation is applied to establish a
force function which can form an elliptical contact area based on Green’s function, with the
assumption that the Laplacian operator in two-dimension of the surface is positive for the
maximum displacement in the contact area and negative for the maximum displacement in the

unloaded area.



Another assumption is that a conical rigid indenter was introduced to maintain the same
orientation and eccentricity of the contact zone for varying displacement. In order to simplify the
model further, the contact area is set into a circular area, which leads to the calculation of the
indentation modulus M as shown in equation (1). The /4 here is the first item in the Fourier series
representation of function /(6) related to 6, which is demonstrated in equation (2). Here 4 is the
angle represented direction variation of point load in a specific surface ranged in [0, «]. The a;is
the direction cosines of the angle between the load direction and the crystal coordinate system
axes. Equation (3) and equation (4) are the expansion form in equation (2) and equation (3),
respectively. In equation (3) one right-hand Cartesian coordinate (m, n, t) is built where the t
axis was vertical to the load direction, in which ¢ is the angle between the vector m and one
fixed vector in the (m, n) plane. The Cj, in equation (4) contains the elastic parameters of the
anisotropic material based on the elastic constants of the material. The transition of the parameter
Cijikm from the elastic constants C,, follows the regulation: the tensors ij (or km) reflected to the
tensor p (or q) with the relation of 11 — 1,22 — 2,33 — 3,23 and 32 — 4, 13 and 31 — 5, 21

and 12 — 6.
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226.0 86.7 439 79 0.0 0.0
86.7 226.0 439 79 0.0 0.0

c. — 439 439 1163 0.0 0.0 0.0 (5)
pq 7.9 79 0.0 486 0.0 0.0

0.0 00 0.0 0.0 486 7.9
0.0 00 0.0 0.0 79 496

By now, no elastic constants results have been reported for the Lij+ Al Tiy.(PO4); material.
The structure of Lij+,AlTi»(PO4); material is the same as that of LiTiy(PO4); and the
substitution of AI’" into the lattice structure yields no obvious contribution to the lattice
parameter, as shown in Table 1, compared with that of a*=b*=0.8535 nm, ¢*=2.0883 nm as
reported in [19]. Hence, the elastic constants of LiTiy(PO4); with the unit GPa as given in
equation (5), which were calculated via ab initio method by Deng et al. [43], were employed in
the Vlassak-Nix model. Taking the symmetry of hexagonal structure into consideration, as
illustrated in Fig. S1, in the Vlassak-Nix model, the angle & from basal plane to the
perpendicular direction with 1° per step, and some specific angles of ¢2 in the basal plane, were

adopted to calculate the orientation dependency of the indentation modulus.

The “easy-slip” model, on the other side, which has been adopted here to predict the hardness
variation related to the orientation of the anisotropic material, is based on one principal
hypothesis that the stress distribution is confined in the indentation area which is uniformed, i.e.,
the stress component surrounding the indenter is compressive and vertical to the indenter profile
[34, 46]. This model contains several assumptions and a schematic is shown in Fig. S2. The
hardness can be calculated as expressed in equation (6). First is that the conical rigid indenter
with a semi-angle y of 65° is introduced into the model to simplify the calculation and also

reaches a consensus with the Vlassak-Nix model. Additionally, friction during indentation is not



considered. The second assumption is that just one dislocation slip is considered as the plastic
deformation fraction is small. The slip can only occur when the shear stress reaches a critical
value for a specific direction, which results in the name of “easy-slip”. Here the Schmid factor
for calculating the normal stress, as illustrated in Fig. S2 (b), is introduced in equation (7),
assuming that the critical resolved shear stress is a constant, and the calculation of normal stress

follows equation (8).

The third assumption is about the slip systems of the LATP material, which is different in this
work compared to that of WC reported in the Csanadi et al.’s work [34]. To the best of our
knowledge, no investigations have been reported on the slip systems of the LATP or LTP
materials. For the materials with R3¢ crystal system like LATP, two kinds of crystal
deformations can occur simultaneously, which are slipping and twinning [47, 48]. It has been
confirmed that for the rhombohedral crystal structure with computed hexagonal lattice parameter
ratio of ¢*/ a* > 1.633, the slide systems are {0001} <1120> in basal plane and {1120} <1100>
in prismatic planes, whereas the slip in pyramidal plane is out of consideration, since this type of

slip can be unidirectional [38, 49].

Thus, in total 6 slip systems are considered in the easy slip model with n, as the normal vector
for the slip plane and v,; as the slip direction vector as illustrated in Fig. S2 (c): ny = (0001): voq
= [1120], Vo, = [2110], Vgz = [1210], 7y== (1120): V13 = [1100], 7, = (1210): V5; = [1010], 72;
= (2110): v3; = [0110]. The vectors 7, and V;; should be normalized during calculation. An

improvement of the original model is made according to [46], i.e. that the average of the

maximum Schmid factor by the surrounding of indenter at the specific rotation angle @ is



considered rather than the maximum Schmid factor directly as shown in equation (9). With these
entire mentioned hypotheses’, the relation between hardness and the orientation of the LATP
material can be expressed as a ratio of hardness at specific plane to hardness at prismatic plane as
demonstrated in equation (10), which is equal to the inverse ratio of the corresponding average

maximum Schmid factor.
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3. Results and Discussion
3.1 Composition, conductivity and orientational distribution

One as-sintered LATP sample was characterized with XRD to analyze the phase structure.
The resulting XRD pattern in Fig. 1 reveals that the peaks can be fitted well with the reference
pattern Li; 2Aly,Ti; g(PO4); (thombohedral crystal structure, R3c). A small amount of secondary
phase of AIPO, (Orthorhombic crystal structure, C222;) can be observed in the material, which

can be attributed to the Li loss during sintering. As the sintering process was conducted at high



temperature Li evaporated, which appeared to result in an AI’" amount above the solubility

limitation, and then secondary phase formation [50].

Elastic modulus and hardness of AIPO,4 are around 77 GPa [51, 52] and 3.5 - 5.5 GPa [53],
respectively, which means that they are significantly lower than the mechanical parameters of the
LATP characterized here, hence any effect of localized testing of this phase would have been
obvious. Hence, overall, the effect of the secondary phase on the experimental results can be
neglected since the amount of AIPO4 is low and AIPOy is located in the grain boundaries, and
during the analysis within a grain only the indentations which yielded similar load-displacement
curves were chosen to do the mechanical properties evaluation corresponding to the specific

grain orientation.

The lattice parameters of LATP calculated from the Rietveld refinement, as shown in Table 1,
are in good agreement with that of a*=5*=0.84941 - 0.85068 nm, c*=2.08586 - 2.09085 nm as
reported in [54]. Since the LATP crystal structure is the same as that of LiTi(POs)3, and even
with A** doping the lattice parameter is similar as that of LiTiy(PO4); (a*=b*=0.8535 nm,
c*=2.0883 nm) [19], the elastic constants of LiTi,(PO4); and the lattice parameters shown in

Table 1 are used for the Vlassak-Nix model below.

The microstructural images at different magnifications of the LATP sample can be seen in Fig.
S3. From Fig. S3 (a) the pores are found homogeneously distributed in LATP. The
microstructure at a higher magnification is shown in Fig. 3 (b), from which the grain size of

LATP has been derived via the software “AnalySIS pro” as 12.1 + 5.9 um. The pores are located



both in grain boundaries and inside grains, where the former are irregular and the latter are rather
round. The spherical pores inside the grains can be ascribed to the hydrostatic pressure of air,
which was preserved in the grown grains during pre-annealing [55]. The Archimedes’ method
was used here to characterize the porosity of the LATP, hence open pores did not enter the
porosity calculation. The relative density of the LATP sample calculated by the ratio of bulk
density to theoretical density of 2.947 g/cm’ [15] is 96.7%. It is well known that the porosity can
decrease the mechanical properties of a material like elastic modulus and hardness [56, 57].
However, in this work the indentation test was conducted in a small local region of single grains
so that effects of pores on the obtained properties can be ignored. Furthermore, as shown in Fig.
S3 (b), the grain boundaries are very distinct, which is helpful in localizing the corresponding

indentations in the EBSD mapping and eliminating these data.

Being a solid electrolyte material, as a basic characteristic of LATP, the electro-chemical
behavior has to be investigated. The ionic conductivity of a LATP pellet was measured with a
potentiostat at room temperature (~ 25 °C). In Fig. 2 the Nyquist plots of the imaginary against
real impedance of the LATP sample (0.3 mm thickness) is shown, of which the intercept at high
frequency was used as representative for the conductivity of the sample. The derived
conductivity of LATP in this work is 0.18 mS/cm, which agrees well with the results of 0.2

mS/cm reported in [15, 58].

The chosen areas for indentation are shown in Fig. 3 (a). The red and blue frames with the
corresponding EBSD results in all three axes are displayed in Fig. 3 (b). Only imprints were

considered in the analysis of the data that possessed a regular shape and were located not too



close to pores and grain boundaries. The indentations are grouped by the grains with different
orientations and then elastic modulus and hardness are analyzed. For analyzation the certain

grains with at least 3 indents are then considered.

Fig. 3 (b) shows that the EBSD images for the well-polished LATP are quite clear, which
verifies that any potentially affected layer on the surface was removed, since it was reported that
the EBSD pattern quality correlated adversely with the defect density [59]. Thus the mechanical
properties of LATP can be analyzed without consideration of potential residual stress effects.
Furthermore, the EBSD results indicate that the LATP grains are orientated highly randomly,

which permits an appropriate investigation of the anisotropic mechanical properties.

3.2 Mechanical properties

Typical indentation load-depth curves for three specific planes are shown in Fig. 4, in which
(a) shows the curve for an imprint on the basal plane; (b) and (c) show curves for the prismatic
type (1010) and (1120) planes. The specific plane was determined based on the Euler angle @,
i.e. the angle between the selected plane and the basal plane or prismatic plane, which was
supposed to be less than 10°. Since the indentation test was carried out in a depth control mode,
all three curves reached a depth of 300 nm, however, since the holding time at maximum load
was 10 s (to avoid reversible plasticity) the maximum depth before unloading was slightly larger

than 300 nm.

The curve shapes, which are the basis for obtaining the experimental elastic modulus and

hardness, for all three planes are different, which verified that the LATP material’s mechanical



properties are anisotropic. Obviously the maximum loads for the two prismatic planes are very
similar, whereas the maximum load for the basal plane was much higher. As illustrated in Fig. 3,
some of the indentations were out of the area characterized by the EBSD pattern and some are
close to the defects like pores, which needed to be eliminated from the analysis. Thus, the

amount of the valid data that could be associated with different grains was limited.

Elastic modulus and hardness of the LATP sample are presented in three dimensional charts
with the two axes representing the angle from the basal orientation (@) and the angle from
prismatic orientation (¢2), as can be seen in Fig. 5. The data was expanded via the software
“Origin” converting the worksheet to matrix to make the 3D colorful surface map. Here the
surface mapping has no physical meaning and is only used as a guide for eyes to observe clearly
the dependency of mechanical properties on rotation angles. To permit a clearer understanding of

the graphs the deviations of £ and H are shown and discussed in more detail below.

It can be seen in Fig. 5 that elastic modulus and hardness of LATP reveal a similar trend with
variation of the angles (@, ¢2). It is notable that, with the increasing of @, i.e., angle of the
indented plane rotating from the basal plane towards the prismatic plane, £ and H decrease
significantly. Yet the ¢2, i.e., angle of the indented plane rotated from prismatic (1010) type
plane to another (1010) plane through the prismatic (1120) type plane, has no obvious effect on
the mechanical properties. This manifests that the rotation angle @ is the dominant factor
influencing the anisotropic behavior of the LATP material, which agrees well with the hexagonal

material f-Si3Ny, as reported in [46].



The elastic modulus decreases from 150 + 3 GPa for the basal plane to 107 + 4 GPa for the
prismatic plane, whereas the hardness decreases from 10.0 = 0.2 GPa for the basal plane to 5.5 +
0.3 GPa for the prismatic plane, each being the individual maximum and minimum experimental
data points regarding to the individual grains. It was reported by Jackman et al. that £ of LATP
ranged from 81 to 115 GPa and H was 7.1 + 0.4 GPa [15], and Deng et al. reported that £ of the
LiTi,(PO4); type material ranged from 139.0 to 152.5 GPa as derived via first principle
calculation [43]. Taking orientation effects into consideration, elastic modulus and hardness

obtained here are in good agreement with these data.

Typical morphologies of imprints in different magnifications can be seen in Fig. 6 (a) and (b).
It can be found that the indentations are homogeneously distributed over the sample surface in
Fig. 6 (a). The distance between the indents was 5 pm and no interaction between the imprints
inside the grain is visible in Fig. 6 (b), which manifests that the indentation results represent the
local property within each selected grain. With the aid of the green triangle it can be seen that the
models assuming sink-in behavior is adequate. In addition, around the indentations no clear slip

lines can be observed.

3.3 Calculation results

As outlined above, the Vlassak-Nix and easy-slip models are adopted here to calculate
indentation elastic modulus and hardness ratio, respectively, corresponding to the rotation angle
of the crystal structure, as shown in Fig. 7. The indentation modulus and hardness are derived as
a function of @ from 0° to 180° with 1° per step to show a detailed symmetric variation. In order

to see any effects in the mechanical properties with respect to angle ¢2, i.e., the initio angle for



calculation between the normal of the indented surface and the X-Z plane of the crystal
coordinate system at X-Y plane, three typical plots, at 2 = -30°, 0° and 30°, are selected for both

indentation modulus and hardness ratio.

It can be seen that in the interval of @ from 0° to 90°, i.e. the indented plane being rotated
from the basal plane to the prismatic plane, the indentation modulus decreases continuously with
a maximum value of 177 GPa at 0° and a minimum value of 118 GPa at 90°. With respect to the
hardness ratio, results for the hardness at 90° are used as a reference value; the ratio is highest of

2.0 at 0° and then decreases to 0.96 at 70°, afterwards the value rises to 1 at 90° in a semi-period.

The angle ¢2 has only a small effect on the indentation modulus, i.e. with increase of ¢2 the
indentation modulus and hardness plots shift right with the same maximum and minimum value,
whereas the g2 angle has no observable influence on the hardness ratio. Thus it can be confirmed
that the angle @ is the dominant factor in affecting the anisotropic mechanical properties of
rhombohedral LATP material, and, therefore, the comparison of the experimental results and

calculated results is discussed only in terms of the @ angle.

3.4 Comparison of experimental and calculated results

In order to compare both the experimental and the Vlassak-Nix model’s indentation modulus,

. E . .
the value based on the equation M = T2 was used. So to permit a comparison of the

_q 2
S
experimental results and the two model’s predictions, the experimental and model’s results of

elastic modulus and hardness are plotted as a function of angle @ in Fig. 8, where the

experimental hardness is normalized (using the value at @ = 90° as reference data).



It can be seen from Fig. 8 (a) that the experimental normalized E possesses the same trend as
the one predicted by the Vlassak-Nix model. Nevertheless, the indentation modulus values,
especially at low @ angles, are slightly lower than the data derived from the theoretical model. In
the current work the calculated experimental indentation modulus decreases from 160 + 4 GPa
for the basal plane to 114 = 4 GPa for the prismatic plane. It can be observed that the extreme
value of the experimentally obtained indentation modulus is slightly lower than the one predicted
from the Vlassak-Nix model, i.e. the difference is 10%. The normalized hardness shows a
decreasing trend with increasing angle, similar to that of the data derived from the easy-slip
model, as shown in Fig. 8 (b). The ratio of the maximum of the experimental data is around 1.8,
being lower than that of 2.0 from the easy-slip model. The experimental normalized H for @
values in the range of 20° - 70° is higher than the predicted data as well as the reference data
point, while the easy-slip model yields a minimum value at @ of 70°. No difference can be
obtained for the experimentally derived and predicted hardness value, since due to the limitation
of the easy-slip model no absolute value of hardness can be calculated and only the variation

trend can be anticipated.

The differences between the experimental and theoretical outcomes can be a result of many
factors. Due to the randomness of the grain orientation, some experimental points especially the
data at @ of 0° were missing. In addition, the usage of the elastic constants based on LiTi,(PO4);
material and the 6 slip systems simplified via ruling out the unidirectional slip lowered down the
accuracy of the prediction of the two models. Even so, the insufficient Vlassak-Nix model and

easy-slip model still permit a close estimate of the elastic modulus and hardness of the LATP



material although further improvement appears to be possible in future works concentrating on
these predictive approaches. In solid-state lithium batteries with thick electrolyte the average
mechanical properties of the electrolyte are considered, whereas for the micro-batteries the
thickness of the electrolyte goes down to the grain size, the mechanical properties of individual
grains like elastic modulus and hardness become prominent effects and need to be taken into

account of battery design and promotion.

4. Conclusions

The anisotropy of the mechanical properties of a solid electrolyte material was investigated in
this work via indentation mapping test with depth control mode at room temperature and
associate EBSD characterization. The LATP ceramic electrolyte with a rhombohedral crystal
structure was studied and the imprints after indentation were analyzed. The experimental elastic
modulus and hardness as a function of rotation angle from basal plane to prismatic plane were
assessed and compared with those predicted by the Vlassak-Nix and easy-slip model,

respectively, which were used to calculate a theoretical modulus and hardness ratio, respectively.

Noticeable anisotropic mechanical properties of LATP material were observed. The
experimental elastic modulus and hardness of LATP showed a similar trend, i.e. that the rotation
angle ¢2 between two prismatic (1010) type planes had no detectable influence, whereas when
the rotation angle @ from basal plane to prismatic plane increased, £ and H value decrease
conspicuously. The Vlassak-Nix and easy-slip model demonstrated that the angle ¢2 has a

negligible effect and the difference between the results of the two models’ results was that, as the



angle @ increased, the indentation modulus from the Vlassak-Nix model decreased continuously
while the hardness ratio derived by the easy-slip model decreased to the minimum value at 70°
and then increased slightly. The comparison of experimental results and theoretical calculation
was discussed only in terms of the rotation angle @, since the angle @ appears to be the dominant

factor on the mechanical properties of LATP.

The experimental indentation modulus fitted well with the prediction of the Vlassak-Nix
model, yet the model showed an around 10% higher extremum (118 - 177 GPa) than the
experimental results (114 - 160 GPa). The experimental hardness was normalized to compare
with the hardness ratio from the easy-slip model and the trend of two results was comparable.
The difference between the experimental results and the models’ results can be ascribed to
simplification for calculation such as that the Vlassak-Nix model adopted the LiTiy(POy);
material’s elastic constants, the easy-slip model took the simplified 6 slip systems into account.
Besides, more experimental data points could be gained in future work, especially the result
around @ = 0°. This work presents data supporting an understanding of the anisotropic
mechanical properties of the rhombohedral crystalline LATP material and provides a basis for

further improvement of the Vlassak-Nix and easy-slip model.
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Appendix A. Supplementary information
The supplementary information accompanying the manuscript is: 1) illustration of the Euler
angles; ii) schematic of the assumptions in “easy-slip” model; iii) surface observation of LATP

sample.
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Tables Captions

Table 1. Rietveld refined lattice parameters of as-sintered LATP.



Table 1. Rietveld refined lattice parameters of as-sintered LATP.

Lattice parameters

I Space group a* (nm) b* (nm) c* (nm) o B Y

LATP R-3ch(167) 0.85523 0.85523 2.09652 90° 90° 120°




Figures Captions

Fig. 1. Illustration of relation between the crystal coordinate system and principal sample
coordinate system represented by Euler angles [1].

Fig. 2. A schematic of the resolved point load in (a), Schmid factor derivation for a single slip
system in (b) and the rotated slip systems in (c).

Fig. 3. Typical SEM image of LATP sample in different magnification.

Fig. 4. XRD pattern of as-sintered LATP sample.

Fig. 5. Nyquist plot of the LATP material at 25 °C.

Fig. 6. The microstructure of LATP material in (a), of which the red and blue marked areas are
chosen for indentation test , and (b) the corresponding EBSD result in three axes.

Fig. 7. Typical load-displacement curves for indentation test in specific orientation: (a) on the
plane close to basal plane, (b) and (c) on the prismatic type planes.

Fig. 8. Experimentally derived mechanical properties of the LATP as a function of the
corresponding angle: (a) elastic modulus and (b) hardness, here the colorful surface map is the
guide for the eye to see the dependency of mechanical properties on rotation angle.

Fig. 9. SEM images of the typical imprint morphologies in (a) and (b).

Fig. 10. Indentation elastic modulus and hardness ratio as a function of angle @ in (a) and (b),
respectively. Representative angles ¢2 of -30°, 0° and 30° are selected to see the limited effect of
this angel on the mechanical properties.

Fig. 11. A comparison of the experimental anisotropic indentation modulus and the calculated
one according to the Vlassak-Nix model in (a), and the normalized experimental anisotropic

hardness and the hardness ratio from easy-slip model in (b).
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Fig. 2. A schematic of the resolved point load in (a), Schmid factor derivation for a single slip

system in (b) and the rotated slip systems in (c).



Fig. 3. Typical SEM image of LATP sample in different magnification.
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Fig. 4. XRD pattern of as-sintered LATP sample.
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Fig. 5. Nyquist plot of the LATP material at 25 °C.
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Fig. 6. The microstructure of LATP material in (a), of which the red and blue marked areas are

chosen for indentation test , and (b) the corresponding EBSD result in three axes.
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Fig. 7. Typical load-displacement curves for indentation test in specific orientation: (a) on the

plane close to basal plane, (b) and (c) on the prismatic type planes.



Fig. 8. Experimentally derived mechanical properties of the LATP as a function of the

corresponding angle: (a) elastic modulus and (b) hardness, here the colorful surface map is the

guide for the eye to see the dependency of mechanical properties on rotation angle.



Fig. 9. SEM images of the typical imprint morphologies in (a) and (b).



Viassak-Nix Model Easy-slip model
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Fig. 10. Indentation elastic modulus and hardness ratio as a function of angle @ in (a) and (b),

respectively. Representative angles ¢2 of -30°, 0° and 30° are selected to see the limited effect of

this angel on the mechanical properties.
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Fig. 11. A comparison of the experimental anisotropic indentation modulus and the calculated
one according to the Vlassak-Nix model in (a), and the normalized experimental anisotropic

hardness and the hardness ratio from easy-slip model in (b).



