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Abstract Cubic garnet Li6.24La3Zr2Al0.24O11.98 (LLZO) is

a candidate material for use as an electrolyte in Li–Air and

Li–S batteries. The use of LLZO in practical devices will

require LLZO to have good mechanical integrity in terms of

scratch resistance (hardness) and an adequate stiffness

(elastic modulus). In this paper, the powders were fabricated

by powder processing of cast ingots. All specimens were

then densified via hot pressing. The room temperature elastic

moduli (Young’s modulus, shear modulus, bulk modulus,

and Poisson’s ratio) and hardness were measured by resonant

ultrasound spectroscopy, and Vickers indentation, respec-

tively. For volume fraction porosity, P, the Young’s modulus

was 149.8 ± 0.4 GPa (P = 0.03) and 132.6 ± 0.2 GPa

(P = 0.06). The mean Vickers hardness was 6.3 ± 0.3 GPa

for P = 0.03 and 5.2 ± 0.4 for P = 0.06.

Introduction

Recently, there has been interest in the development of Li–

Air and Li–S batteries for high energy applications [1]. One

Li–Air configuration involves the use of a lithium anode in

a non-aqueous electrolyte, which is separated from an

aqueous electrolyte containing the air cathode by a solid

state Li-ion conducting membrane [2–4]. For the case of

Li–S, a possible configuration involves a solid Li-ion-

conducting membrane separating molten lithium from

molten sulfur.

To be used as a membrane in these situations, the

material must have high relative density, high total Li-ion

conductivity, and good chemical stability. In addition, the

material should also exhibit good mechanical properties.

The elastic moduli are needed for stress–strain calculations,

and hardness is a measure of the resistance to scratching

and point contact damage. For example, both Young’s

modulus and Poisson’s ratio are often used to construct

stiffness matrices for stress–strain calculations via finite

element analyses [5]. Cubic Li7La3Zr2O12 (LLZO) has

recently become of interest as a possible membrane

material for Li–Air and Li–S batteries. There have been

studies on the ionic conductivity and chemical stability of

cubic Li7La3Zr2O12 prepared by powder processed and

chemical methods (i.e., Pechini) [6–10].

No mechanical properties are available in the literature

for cubic LLZO garnet materials. This study is the first to

report the Young’s modulus, shear modulus, bulk modulus,

and hardness of dense, hot-pressed cubic Li6.24La3Zr2

Al0.24O11.98.

Experimental procedure

Specimen preparation

Lithium carbonate (Puratronic 99.998 %, Alfa Aesar),

lanthanum(III) hydroxide (99.95 %, Alfa Aesar), zirco-

nium oxide (99.9 %, Inframat Advanced Materials LLC),

and gamma aluminum oxide (99.9 %, 50 nm, Mager Sci-

entific Inc.) precursors were used to synthesize single-

phase cubic Li6.24La3Zr2Al0.24O11.98 (LLZO) [11]. The

precursors were mixed in an agate milling vial using a
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Retsch PM-100 planetary mill. After mixing, the powders

were loaded into a stainless steel die and cold pressed into

pellets at 100 MPa. The pellets were placed in boron

nitride-coated Al2O3 combustion boats (Coors Combustion

boat from Sigma Aldrich), fired in air at 1000 �C for 4 h,

and reground in an agate milling vial using a Retsch PM-

100 planetary mill. The boron nitride coating prevented the

reaction between the Al2O3 crucible and the LLZO pellets.

The reground LLZO powders were hot pressed at 1000 �C

under 40 MPa pressure for 1 h under flowing argon. The

resulting pellet was removed from the hot press and heated

in air at 1000 �C for 4 h to burn off residual graphite from

the hot pressing die. The LLZO specimens were mounted

in Crystalbond wax (Buehler, Lake Bluff, Il) and cut into

rectangular parallelepipeds using a diamond saw.

The bulk densities of the rectangular parallelepiped hot-

pressed specimens were determined from the mass and

dimensions (Table 1) measured using a micrometer

(Mitutoyo, 293-832, Aurora, IL) and an electronic balance

(Ohaus Adventurer, AR2140, Pinebrook, NJ). The elec-

tronic balance and the micrometer were calibrated using

commercial test weights (1, 2, 5 and 10 g, Tromner ASTM

class 7) and gauge blocks (ranging in dimension from 1 to

20 mm, Mitutoyo Grade 0), respectively.

The relative density values, and hence the porosity was

determined by dividing the bulk density by the qtheo of

cubic Al-containing LLZO (*5.107 g/cm3 [9]). Four

crescent-shaped specimens were cut from the edges of the

disk-shaped hot-pressed billets. The resulting parallelepi-

ped specimens were used for elasticity measurements and

the crescent-shaped specimens were used for hardness

testing (Table 1). Each of the hardness and elasticity

specimens were polished using successively smaller dia-

mond paste with grit sizes down to one micron (Diamond

polishing compounds, Leco, St. Joseph, MI).

X-ray diffraction and scanning electron microscopy

(SEM)

The microstructure of the hot-pressed specimens was

examined on uncoated fracture surfaces by SEM with an

accelerating voltage of 1 and 3 kV. Phase purity was

evaluated from X-ray diffraction data obtained using a

Rigaku Ultima III diffractometer with Cu Ka radiation. The

lattice constant was determined by obtaining the diffraction

data in parallel beam geometry and fitting the data by

Rietveld refinement [12] by means of RIQAS software

(Materials Data Inc.).

Vickers indentation measurements

The Vickers hardness, H, was measured using a Shimadzu

hardness tester (Shimadzu HMV-2000, Kyoto, Japan).

Before indentation, the indenter was calibrated using a

commercially available standard hardness block (761-048,

Yamamoto Scientific Tools Lab, Co., Ltd, Japan). The

average hardness of the LLZO specimens was determined

using ten indentations per load on the polished surface at

loads of 2.9 and 4.9 N with a 5 s loading time. To avoid

the interference between stress fields of closely spaced

indentations or perturbations caused by specimen edge

effects, separation distances of at least 500 lm were

maintained between adjacent indentation sites. No

indentations were placed closer than roughly 1000 lm

from the nearest free edge of the specimen. The H values

were calculated by

H ¼ 1:8544F

ð2aÞ2
ð1Þ

where F is the applied force and 2a is the diagonal of the

diamond indentation impression [13].

Table 1 The specimen geometry, dimensions, mass, density, volume fraction porosity, P, and measurement techniques for the LLZO rectan-

gular parallelepiped, RP, and crescent-shaped, CR, specimens included in this study

Specimen label Specimen geometry Dimensions (mm) Mass (g) Density (g/cm3) P Measurement technique

LLZO-01a RP 7.9 9 6.3 9 2.8 0.704 4.97 0.03 RUS

LLZO-01b CR 9.0 9 4.5a NAb NAb NAb Vickers indentations

LLZO-02a RP 8.0 9 7.1 9 2.5 0.687 4.78 0.06 RUS

LLZO-02b CR 7.3 9 2.7a NAb NAb NAb Vickers indentations

LLZO-02c CR 8.2 9 3.0 a NAb NAb NAb Vickers indentations

The specimens were powder processed from ingot and densified by hot pressing. The elastic moduli were measured by resonant ultrasound

spectroscopy (RUS) and the hardness was measured via Vickers indentations
a Dimensions refer to length and maximum width of the crescent-shaped specimens
b Not available
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Resonant ultrasound spectroscopy (RUS)

measurements

RUS has been used to determine the elastic moduli for

numerous ceramics and metals [14–32]. In particular, the

Quasar hardware used in this study (RUSpec, Magnaflux

Quasar, Albuquerque, NM) has been used to measure the

elastic moduli of a variety of solid materials including the

thermoelectric materials PbTe–PbS [15], PbTe [16, 17, 19],

oxides such as alumina [14], hydroxyapatite [14], langatates

[20], La0.5Sr0.5Fe1-xCoxO3-d perovskites [22], SmScO3

[23], and NdScO3 [23], a number of ternary and quaternary

carbides such as Ti3SiC2 [27], Ti3GeC2 [27], Ti3Si0.5

Al0.5C2 [27], Ti2AlC [27], and Ti3SiC2 [31], metallic

materials including single crystal fcc Al [25] and 4140-steel

[29] as well as composites such as Al/Al2O3 [30] and Ni–

YSZ cermets [27]. The RUS apparatus used in this study

consists of a computer (Magnaflux Quasar, Albuquerque,

NM) that controls the transceiver (Magnaflux Quasar RI

2600 Transceiver, Magnaflux Quasar, Albuquerque, NM)

by means of commercial software (Galaxy, Magnaflux

Quasar, Albuquerque, NM). The RUS system includes three

lead zirconate titanate ceramic transducers. The transceiver

drives one transducer and then collects the specimen’s

mechanical vibrations through the other two transducers.

The RUS specimen is simply supported by the tripod of

transducers and contracts the transducers via a SiC wear tip

that is bonded to each transducer.

Results and discussion

Microstructure and lattice parameter of LLZO

specimens

In this study, the LLZO microstructure was observed on a

(i) fracture surface of LLZO-01 (Fig. 1a) and (ii) at five

sites approximately three mm apart along a diametral

fracture for LLZO-02 (Fig. 1b–e). The fracture surfaces of

hot-pressed LLZO-01 and 02 had equiaxed grains with

average grain sizes of 4.5 and 5.0 l, respectively (Fig. 1a,

c–e), which was measured by the linear intercept method

with a stereographic projection factor of 1.5 [33]. The

pores were spherical or quasi-spherical with diameters

ranging from submicron to roughly 3 l. Thus, the micro-

structure appeared to be homogenous for the two hot-

pressed LLZO specimens included in this study (Fig. 1).

X-ray diffraction confirmed that after hot-pressing the

pellet was single-phase cubic LLZO. After burning off the

graphite residue, the pellet appeared bright white. Applying

Rietveld analysis to the X-ray-diffraction data yielded a

lattice parameter value, a0, of 12.9773 Å for the single-

phase cubic Li6.24La3Zr2Al0.24O11.98 included in this study.

Elastic moduli measured via RUS

With RUS, the mechanical vibrational spectra of two hot-

pressed LLZO specimens were measured (Tables 1, 2)

over the frequency interval from 150 to 1000 kHz. The

elastic moduli were calculated by means of commercially

available software. The two hot-pressed LLZO specimens

were assumed to be isotropic in part since the anisotropy

induced by hot pressing of the planetary-milled powders is

usually small. In addition, fracture sections of LLZO-01

(Fig. 1a) and LLZO-02 (Fig. 1b–d) are equiaxed, showing

no observable anisotropic deformation induced by the hot

press. In addition, a polished cross section of a LLZO-01

shows quasi-spherical porosity (Fig. 2), again with no

indication of morphological texturing induced by hot

pressing.

In terms of possible perturbations on the modulus

measurements due to contact forces, the mass of each of

the RUS specimens was approximately 0.7 g (Table 1).

Since each specimen was simply supported on a transducer

tripod, this means a loading of about 0.23 g on each

transducer or a gravitational force of approximately

2.3 9 10-3 N per transducer. We assume that contact

forces on the order of a few mN per transducer are not a

significant source of perturbation.

In addition, from the literature, a comparison can be

made between the elastic moduli obtained from polycrys-

talline PbTe measured by RUS [16] (on PbTe specimens of

comparable mass to those LLZO specimens used in this

study) and the aggregate average modulus (mean of the

Hashin–Shtrikman bounds [16]) calculated from single

crystal PbTe measured by ultrasonic pulse echo [34–36].

At approximately 300 K, the elastic moduli agreed to

within 2–3 % when measured by RUS [16] or calculated

from the aggregate average of the single crystal data for the

ultrasonic pulse echo measurements [34–36]. Therefore,

for the RUS PbTe measurements [16], the total effective

error due to contact forces, specimen machining, cracks, or

equipment artifacts and other sources should be on the

order of roughly 2–3 %. Since this study employs the same

hardware and software as was used in the RUS study of

PbTe [16], we assume that roughly the same error bound

applies to RUS measurements in this study.

Table 2 compares the data for elastic moduli for LLZO

from this study to polycrystalline yttrium iron garnets from

the literature [37, 38].

In this study, for the specimen with P = 0.03, the

Young’s modulus, E, shear modulus, G, bulk modulus, B,

and Poisson’s ratio, m, were 149.8 ± 0.4, 59.6 ± 0.1,

102.8 ± 0.3 GPa and 0.257, respectively (Table 2). For

P = 0.06, E = 132.6 ± 0.2 GPa, G = 52.1 ± 0.04 GPa,

B = 97.7 ± 0.2 GPa, and m = 0.274, respectively (Table 2).

The elastic moduli decreased with increasing porosity in

7980 J Mater Sci (2012) 47:7978–7985
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agreement with the general trend for bulk polycrystalline

specimens [14, 19, 37–40].

Hardness measured via Vickers indentation testing

For indentation loads of 2.9 and 4.9 N, the average Vickers

hardness (Eq. 1) of 10 indentations per load was 6.4 ± 0.4

and 6.2 ± 0.3 GPa for P = 0.03 and 5.2 ± 0.4 and

5.3 ± 0.4 GPa for P = 0.06, respectively. The hardness

decreases with increasing porosity which is in agreement

with the general trend for bulk polycrystalline specimens

that H decreases with increasing volume fraction porosity,

P [37, 40, 41].

Comparison of LLZO elastic moduli and hardness

with literature data for other garnets

Since this is the first study of the elastic moduli and

hardness for LLZO, it is important to compare values

obtained in this study with the moduli and hardness of

other garnets in the literature. For a given crystal structure

the mechanical properties as a function of lattice parame-

ter, a0, can be represented by the empirical relationship

A ¼ bAa�mA

0 ð2Þ

where mechanical property A is a function of Young’s

modulus, E bulk modulus, B shear modulus, G or hardness

Fig. 1 The fracture surfaces for

the hot-pressed specimens

a LLZO-01 and c–d LLZO-02.

The fracture surface of LLZO-

02 was examined at e five

different sites along the

diametral fracture. Each site

was roughly 3 mm apart and

sites 1 and 5 were

approximately 0.5 mm from the

specimen edge. For each

micrograph the grain size was

measured by the linear intercept

method and a stereographic

projection factor of 1.5 [33]
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H. Also bA is a material-dependent constant and mA is the

exponent for the particular mechanical property [42–44].

For example, we use mG to denote the exponent for the

shear modulus, G, in Eq. (2).

The exponents mB, mG, and mH (Eq. 2) depend on the

crystal structure [42, 43, 45–48] (Table 3). The r2 values

for the literature data (Table 3) ranged from 0.983 to 0.999

for the moduli and hardness except for an r2 of 0.886 for

the FCC metals [45], thus Eq. (2) describes the decrease in

B, G, and H with increasing a0 relatively well. Although a

direct relationship between Young’s modulus and lattice

parameter has not been illustrated in the open literature, a

number of papers imply that in addition to the shear

modulus, the Young’s modulus is proportional to the

interatomic distance [49–52]. The E and G values for

garnets [36, 53–57], including data for LLZO, are plotted

in Fig. 3a, b, respectively, as function of a0. From both

Fig. 3a, b, it is observed that the LLZO data are in excel-

lent agreement with single crystal literature data for other

garnets. The fit of Eq. (2) to the E and G data for all garnets

shown including LLZO, yielded r2 values of 0.936 and

0.914, respectively (Fig. 3a, b).

The relationship between elastic moduli and lattice

parameter shown in this paper is empirical (Eq. 2); how-

ever, the elastic moduli are fundamentally related to atomic

bonding. From the Born model for ionic bonding [13], the

elastic moduli are second order partial derivatives of the

binding energy [13], therefore the elastic moduli are pro-

portional to the curvature of the binding energy curve.

Since the binding energy can be written as a power law

relationship of the separation distance, the elastic moduli

can also be approximated with a power law relationship.

This also implies that a larger separation distance between

atoms, or a larger lattice parameter, will result in a lower

Young’s modulus.

In general, H decreases with increasing a0 via a power law

relationship (Eq. 2, Table 3). In particular, for the cubic

garnet structure, the H versus a0 relationship also follows

Eq. (2) (Fig. 3c), as does the cubic garnet LLZO in this study.

The hardness data for LLZO (this study) agrees relatively

well with the single crystal literature data (Fig. 3c) [47].

However, the r2 value of 0.840 indicates greater scatter in the

H versus a0 data fit to Eq. (2) (Fig. 3c) compared to the

scatter observed in E (Fig. 3a) and G (Fig. 3b). For both

single crystal and polycrystalline garnets, the observed

scatter in H (Fig. 3c) may reflect the H dependence on the

load, loading rate, the dislocation density, or residual stresses

[58]. In general, for polycrystalline materials, H is also a

function of grain size [59] and porosity [40].

The Poisson’s ratio, m, (which unlike E, B, and G is

relatively insensitive to P [60]) ranged from 0.226 to 0.295

for 21 single crystal and polycrystalline cubic garnets in the

literature [36–38, 53–57, 61, 62]. For LLZO, in this study,

the Poisson’s ratio is bracketed by the m values for cubic

garnets in the literature (Table 2).

Table 2 The density, volume fraction porosity, P, Young’s modulus, E, bulk modulus, B, shear modulus, G, and Poisson’s ratio, m, for the hot-

pressed rectangular parallelepiped specimens included in this study as well as for polycrystalline garnet specimens from the literature

Specimen label Density

(g/cm3)

P Measurement

technique

E (GPa) B (GPa) G (GPa) m Reference

LLZO-01a 4.97 0.03 RUS 149.8 ± 0.4 102.8 ± 0.3 59.6 ± 0.1 0.257 ± 0.002 This study

LLZO-02a 4.78 0.06 RUS 132.6 ± 0.2 97.7 ± 0.2 52.1 ± 0.04 0.274 ± 0.001 This study

Y3Fe5O12 (YIG) 5.01 0.004 Sonic resonance

technique

196.3 NAa 76.5 0.277 [16]

Y3Fe5O12 (YIG) 4.572 0.115 Pulse-echo 157.7 117.4 61.8 0.276 [17]

Y2.9Fe5.1O12 4.825 0.064 Pulse-echo 144.9 96.3 58.0 0.249 [17]

Y2.7Fe5.3O12 4.901 0.043 Pulse-echo 98.4 71.3 38.8 0.270 [17]

Y2.5Fe5.5O12 4.833 0.047 Pulse-echo 78.3 64.3 30.2 0.296 [17]

a Not available

Fig. 2 Quasi-spherical porosity is evident on the polished cross

section of the hot-pressed LLZO-01 specimen. The arrows indicate

the hot pressing direction
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Summary and conclusions

This work presents the first room temperature Young’s

modulus, shear modulus, bulk modulus, Poisson’s ratio,

and hardness values for Li7La3Zr2O12 garnet fabricated by

hot pressing. Dense (P = 0.03–0.06) billets with mean

grain sizes of roughly 5 l were produced by hot pressing.

For loads 2.9 and 4.9 N, the mean Vickers hardness, H,

was 6.3 ± 0.3 and 5.2 ± 0.4 GPa for the P = 0.03 and

0.06 hot-pressed LLZO specimens, respectively. The

Young’s modulus was 149.8 ± 0.4 GPa for P = 0.03

(Table 2) and 132.6 ± 0.2 GPa for P = 0.06.

The values of E, B, G, and H for Li7La3Zr2O12 found in

this study are consistent with the trend (Eq. 2) of a power

law decrease in mechanical properties with increasing

lattice parameter observed for other garnet materials in the

Table 3 The exponents mB, mG, and mH obtained by a least-squares fit to Eq. (2) for bulk modulus, B, shear modulus, G, and hardness, H data,

respectively, from the literature for various cubic crystalline structures

Crystal structure mB
a (r2, N) mG

b (r2, N) mH (r2, N) Reference

Alkaline halide (rock salt) NAe 3.2 ± 0.2 (0.983, 7) 3.0d (0.996d, 11) [22–25]

Alkaline earth oxides (rock salt) 3.3 ± 0.1 (0.998, 8) NAe 3.0d (0.998d, 4) [22, 23]

Alkaline earth sulfides (rock salt) NAe NAe 3.0d (0.990, 4) [28]

Face-center-cubic metals NAe 6.4 ± 1.3c (0.886, 7) NAe [25]

Zincblende semiconductors NAe 4.7 ± 0.1 (0.999, 9) NAe [25]

The coefficient of determination, r2, along with the number of particular compositions of a given crystal structure included in the least-squares fit,

N, are listed within the parentheses given to the right of each of the numerical values of the fitted exponents
a Gilman reported mB = 4 for alkaline earth oxides [22]. Gilman did not report the r2 values [22]
b Gilman reported mG = 4 and 5 for alkaline halides and zinc blende semiconductors, respectively [22, 25]. Gilman did not report the r2 values

[22, 25]
c Exponent mG value excluding thorium. If thorium is included in the analysis, then r2 = 0.758 and mG = 5.2. Gilman reported mG = 6.35 when

the plot included Th [25]
d Reported by Gilman [23]. All other exponents and r2 values in this table were calculated by the present authors
e Not available

Fig. 3 The a Young’s modulus,

b shear modulus, and c hardness

as a function of lattice

parameter for the aggregate

average values for single crystal

garnet data in the literature

(open symbols) and the LLZO

garnet specimens in this study

(filled symbol). In a, b, and c,

the dashed line represents the

least-squares fit of Eq. (2) to the

data in this study and single

crystal garnet in the literature

[36, 47, 53–57]. The scatter in

hardness, H, is likely due to the

different mechanisms that can

affect H (‘‘Comparison of

LLZO elastic moduli and

hardness with literature data for

other garnets’’ section)
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literature for E (Fig. 3a) [36, 53–57], B [36, 53–57],

G (Fig. 3b) [36, 53–57], and H (Fig. 3c) [47].

The solid electrolyte Li7La3Zr2O12 (LLZO) has the

potential to enable significant improvements in electro-

chemical energy technology. While much of the current

literature on LLZO focuses on its electrical properties, we

believe that a better understanding of the mechanical

properties can accelerate the maturation of Li7La3Zr2O12

electrolyte membrane technology. For example, the

mechanical properties must be well characterized and

understood to enable the fabrication of relatively thin

(10–100 l) electrolyte membranes [63]. Also, the elastic

modulus and hardness characterization of Li7La3Zr2O12 in

this work enables the characterization of other important

mechanical properties, such as the fracture toughness,

which is currently underway in our group.
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