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Introduction

ABSTRACT

NASICON-type solid electrolytes are promising materials for novel solid-state-
batteries aiming toward high energy densities. Naj_,Hf»Si» 3P 7010.8510.5¢ With
varying sodium content as well as Sc- or Mg-doped and undoped Naj,Zr,P;5.
151,012 were synthesized by solution-assisted solid-state reaction. Microstruc-
tural and mechanical characteristics as well as conductivities were investigated.
The electrochemical and microstructural properties of all studied materials
appear to be highly affected by the sodium content glassy phase and secondary
phase formation as well as bloating. The mechanical properties of the specimens
depend mainly on microstructural characteristics. Our findings indicate
improved mechanical behavior is achieved when bloating and secondary phase
formation are inhibited. However, possible influences of glassy phase content on
the material properties need to be further investigated.

long lifetime and high safety. Currently, because of
high energy density and long service life, Li-ion
batteries are widely used for energy storage; how-

Renewable energy production is associated with
fluctuations that require as one option the integration
of low-cost battery storage systems, into the electrical
grid [1-3]. Battery storage systems requirements are
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ever, they do not fulfill necessary boundary condi-
tions for the stabilization of an energy grid [4]. Thus,
alternative batteries are required for large scale sta-
tionary storage [5]. Sodium batteries are promising
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candidates in this respect, due to the high abundance
of sodium, low cost of sodium-containing precursors
and high theoretical energy densities compared to
other storage technologies, such as redox-flow bat-
teries or compressed gas storage [6-8]. Additionally,
issues commonly observed for commercial Li-ion
batteries, such as dendrite growth and fire hazards,
can be avoided when solid electrolytes such as
NASICON (Na™ superionic conductors)-type mate-
rials, are used [9, 10]. This large family of materials
has a stoichiometry of Naj ,Zr,51,P3.,012 (0 < x < 3),
with Na3Zr,5i,PO;, (NZSP) being the most common
formulation [11]. NASICONSs possess high flexibility
toward cation-substitution, high chemical stability
and ion conductivity competitive to or even sur-
passing conventional B”-alumina [12]. In general,
total ionic conductivities of more than 1 mS/cm have
already been reported for certain NASICON compo-
sitions [18]. Hence, the materials have been the focus
of a significant number of studies [14], the majority of
them focusing on the synthesis and conductivity
optimization [15-18]. Based on these studies, Mg-
and Sc-doped NZSP as well as Hf-containing NASI-
CON with the general formulation Naj g, Hf>Si5 3.
Po7O1085+05x (NHSP) emerged as promising
materials, due to their high ionic conductivities
[19-21].

Complementary investigations regarding the
mechanical behavior are rather limited [22]. For Li-
ion batteries, the mechanical behavior appears to be
affected by the formation and growth of Li-dendrites,
leading eventually to material failure [23]. Similarly,
for Na-ion batteries, Na filaments have been repor-
ted, that lead to material damage and consequently
battery failure [24]. Furthermore, other solid-state
battery degradation mechanisms, such as crack
propagation and contact loss, can be directly linked
to the mechanical and microstructural characteristics
of the components [25, 26]. It has been suggested, that
the critical current density increases with increasing
fracture toughness values of the used solid electrolyte
[27]. Thus, an optimization of the mechanical and
microstructural properties of sodium batteries
appears as a promising strategy to improve the fail-
ure resilience of the materials [28]. The microstruc-
tural properties, such as grain size, secondary phases,
glass phases as well as porosity, are suggested to
strongly affect the total ionic conductivity [29, 30].
The sintering temperature as well as the sodium
content is especially relevant in this respect, since

elevated sintering temperatures and low sodium
contents have been reported to lead to secondary
ZrO, phases, glass phases, the evaporation of sodium
and bloating [31-33].

In the current study, Naj,Hf>Si>3P07010.85+0.5x
(NHSP) with varying sodium content as well as Sc-
and Mg-doped and undoped Naj,,Zr,P5,5i,012
(NZSP) were synthesized by solution-assisted solid-
state reaction and investigated with respect to their
microstructures, mechanical properties and conduc-
tivities, aiming toward materials’ optimization.

Experimental

The NHSP samples were synthesized analogous to
[34-36] by a solution-assisted solid-state-reaction
(SA-SSR). Briefly, stoichiometric amounts of Na,SiO3
(ACS, Merck), HfONOs3),:x H,O (99%, Sigma-
Aldrich) and NHH,PO, (> 98% Alfa-Aesar) were
dissolved in deionized water. Subsequently, tetra-
ethyl-orthosilicate (> 99%, Sigma-Aldrich) was
added to the solution. Using small doses of HNO;
(ADC grade, Sigma-Aldrich), the pH value was
adjusted to ~ 3, and all compounds were, thus, fully
hydrolyzed. The resulting gel was dried at 80 °C and
subsequently calcined at 750 °C for 4 h. The obtained
powder was milled in isopropanol using a tumbling
mixer (PULVERISETTE 7, Fritsch GmbH, Idar-Ober-
stein, Germany) with a 50:50 weight-ratio of 3 and
5 mm zirconia balls for approximately 72 h.

The NZSP specimens were also synthesized by the
SA-SSR. Stoichiometric amounts of NaNO; (ACS,
Merck, Darmstadt, Germany) and ZrO(NO;),-x HO
(techn. grade, Sigma-Aldrich, St. Louis, USA) were
dissolved in deionized water with small amounts of
HNOj; (ACS, Aldrich) to adjust to a pH of approxi-
mately 3. Afterward, tetraethyl-orthosilicate (reagent
grade, Merck, Darmstadt, Germany) was added and
left to fully hydrolyze before adding NH4H,PO,
(ACS, Merck, Darmstadt, Germany). The resulting
gel was dried at 80 °C and calcined at 800 °C for 4 h.
After calcination, the powder was also ball-milled in
ethanol with a 50:50 weight ratio of 3 and 5 mm
zirconia balls for approximately 72 h.

For the synthesis of Naj 4Scg4Zr ¢5i2P1012, a stoi-
chiometric amount of Sc,O3 (99.5%, Projector GmbH,
Duisburg, Germany) was first dissolved in 65%-
HNOg;-solution (ACS, Aldrich), before continuing
with the synthesis as described above. Furthermore,
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Naz 1Mgp 05Z11.9551,P101, was synthesized by adding
an appropriate amount of Mg(NOj3), (for analysis,
Merck, Darmstadt, Germany) to the solution together
with the other nitrates, again, synthesis continuing as
described above.

The chemical compositions of the materials were
determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (Thermo Scientific
iCAP7600 spectrometer with optical scale and CID
semi-conductor detector, axial and radial reflection,
wavelength 166-847 nm). Two samples of 50 g each
were, together with 0.25 g of lithium borate, trans-
ferred to a melt in a platinum crucible followed by
heat treatment at 1000 °C for 30 min. The resulting
materials were then dissolved in 30 mL of 5%-HCl
solution. After the addition of 2 mL HF, the solution
was topped up with H,O to 50 mL of total volume.
Two aliquots of each sample were measured in 1/100
and 1/10 dilution. The particle size distributions of
the synthesized powders were checked by a laser
granulometry instrument (Horiba LA 950 V2, Lier,
Belgium) using the Mie scattering theory [37].

The final powders were then pressed into pellets
using a uniaxial press (PW 10, P-O-Weber,
Remshalden, Germany) with 100 MPa pressure for
the NZSP and 190 MPa for the NHSP specimens. The
obtained pellets were then sintered at temperatures
close to the melting point of the individual compo-
sitions in order to achieve good densification; the
specific values are stated in Table 1.

In order to prepare them for the subsequent anal-
ysis, the pellets were dry-polished by hand using SiC
sandpaper (P400 Grit) to obtain flat and parallel
surfaces. The specimens were then analyzed by
means of X-ray diffraction analysis (XRD) using an
EMPYREAN diffractometer (PANalytical, Kassel,
Germany), with a Cu-LFF-tube operated at 40 kV and
40 mA. The measurement was taken in the 20-range
of 5° to 90°, with a step size of 0.026° and a dwell time
per step of 2s. The resulting XRD patterns were
analyzed by Rietveld refinement using the software
TOPAS (Bruker AXS, Karlsruhe, Germany).

The samples were sputtered with gold on both
sides and placed into an electrochemical cell (Swa-
gelok cell, Diisseldorf, Germany) to measure the ionic
conductivity in air at room temperature (20° C) by
electrochemical impedance spectroscopy (VMP-300
and SP200, Bio-Logic, France), with an AC frequency
range from 3 MHz to 1 Hz and a voltage of 10 mV.

@ Springer

Table 1 Sinter parameters used for the individual specimens

Specimen  Sintering temperature [°C]  Sintering duration [h]

NZSP3.6 1260
NZSP3.0 1260
NZScSP 1260
NZMgSP 1260
NHSP 2.1 1280
NHSP 2.3 1280
NHSP 2.8 1350
NHSP 3.2 1350

(% RV, R, BV, o) Wie) Nle e

Sintering temperature values below the melting point of the
corresponding compositions were used

Furthermore, samples were cut in half and
embedded in epoxy (Epoxy 2000, Cloeren Technol-
ogy, Wegberg, Germany) for cross-section analysis.
The embedded samples were ground with SiC
sandpaper and polished with water-free diamond
suspension (with grain size of 6 pm, 3 pm, 1 pm) and
then silica suspension (with 0.2 um grain size) (Clo-
eren Technology, Wegberg, Germany).

Scanning electron microscopy (SEM) images were
obtained using a field emission scanning electron
microscope (FE-SEM, MERLIN™, Carl Zeiss Micro-
scopy, Oberkochen, Germany). Elemental analysis of
the phases was conducted by energy-dispersive
X-ray spectroscopy (EDX) with the X-Max Extreme
detector (Oxford Instruments, High Wycombe, UK).
Porosity and glassy-content estimations were also
carried out based on the analysis of SEM images
using Image] [38]. The grain size was determined
based on the mean linear intercept method following
ASTM E112.

Micro-indentation was used to determine the
elastic modulus E and hardness H wusing a
FISCHERSCOPE® HC 100 instrument (Helmut Fis-
cher GmbH, Sindelfingen, Germany). The experi-
ments were conducted in a load-controlled mode,
with loads of 100, 250 and 500 mN. For each load at
least 100 individual indents were performed. The
indents were performed using a Vickers diamond tip,
with a load application time of 15 s. Following the
standard DIN EN ISO 3452-1, the E and H values
were determined from the unloading slope of the
load—displacement curve [39]. A Poisson ratio of 0.27
was assumed for the investigated materials [40].

Vickers indentation fracture (VIF) tests were per-
formed to assess the cracking behavior and to derive
the indentation fracture toughness Kjc. Using a
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Vickers Hardness Tester MV-IS instrument (Buehler
Ltd, Lake Bluff, USA), Vickers indentations were
imprinted at loads of 0.1 kg (0.98 N), 0.2 kg (1.96 N),
0.3 kg (2.94 N) and 0.5 kg (4.9 N). The half-diagonal
of the resulting indentations a, as well as the length of
the induced cracks I, was measured using a laser
confocal LEXT OLS6000 microscopy instrument
(OLYMPUS, Hamburg, Germany). For the observed
Palmqvist crack system with a ratio of 0.25 <l/a
< 2.5 [41, 42], the fracture toughness was calculated
based on the following Eq. (1) [43, 44]:

Kie= 0.035 G) - <%> - (HZ)O'S) (1)

where @ is a constraint factor with a value of 3. The
required E and H values are based on the micro-in-
dentation measurements performed at the same loads
as the fracture toughness tests.

Results and discussion

The nominal and actual compositions as determined
by ICP-OES are shown in Table 2. Considering the
limit of experimental instrument uncertainty, the
measurement confirms the desired compositions. The
ZrO, content in the NHSP samples is probably a
result of trace amounts being present in the educts.

Figure 1a presents the particle size distributions of
the starting powders of the specimens of the NZSP
test series. Despite similar synthesis, very different
particle size distributions are revealed for the differ-
ent compositions. While the powders of NZScSP and
NZSP 3.0 specimens appear to be very similar, with
basically a bimodal distribution and a median parti-
cle size (Dx(50) value) of 2.7 pym and 2.8 um, respec-
tively, the NZMgSP starting powder possess a
trimodal distribution with larger particles, but also a
sub-micron region, resulting in a Dx(50) of 11 um.
The distribution function of NZSP3.6 powder is uni-
modal with a Dx(50) of 5.1 um.

The particle size distributions of the starting pow-
ders for the NHSP specimens are presented in
Fig. 1b. The powders NHSP2.1 and NHSP2.3 are both
unimodal, with a median particle size Dx(50) of
13.5 um and 7.5 um, respectively. The powders of
NHSP2.8 and NHSP3.2 both exhibit a bimodal dis-
tribution, with a large fraction of fine parti-
cles <40 um and a smaller amount of coarser
particles > 100 pm. This bimodal distribution leads

to a median particle size of 6.2 pm for NHSP2.8 and
8.7 um for NHSP3.2.

The sintered specimens have been investigated
regarding their phase compositions and the corre-
sponding XRD patterns can be found in the supple-
mentary (Figure Sup.1-8. Crystal structures of NHSP
and NZSP are reported to be rhombohedral, except
for the compositional range of 1.8 <x <22, for
which a monoclinic distortion has been reported
[45, 46]. However, all specimens investigated in the
current work possess independent of their composi-
tion a monoclinic C2/c¢ crystal structure.

The XRD patterns clearly indicate the presence of
secondary phases, i.e., for NHSP monoclinic HfO,
and for NZSP monoclinic ZrO,. The Rietveld refine-
ment result of the XRD patterns is summarized in
Table 3. For the NHSP specimens the “a” as well as
“b” lattice parameters depend on the sodium content,
as can be seen in Table 3. The formation and amount
of the secondary phase HfO, appear to be linked to
the sodium content. For the NZSP specimens, the
same trend can be observed; the specimens with the
highest sodium content yield the largest “a” and “b”
lattice parameters and exhibit the least amount of the
secondary phase ZrO,.

The substitution of Mg into the NZSP crystal
structure appears to have only a minor influence on
the lattice parameters and no effect on the formation
of the secondary phase ZrO,. The substitution of Sc,
on the other hand, leads to larger lattice parameters
and seems to hinder the formation of the secondary
phase ZrO, Here, the total amount of the secondary
phaseis ~ 1%, compared to ~ 5% for the Mg-doped
as well as the undoped NZSP.

A number of differences can be observed from the
SEM images of the NZSP specimens (Fig.2). In
agreement with the XRD results, the secondary phase
7rO, (EDX measurement, Supplementary Fig-
ure Sup. 9) can also be observed in the specimen
NZSP3.0, NZMgSP and NZScSP by EDX, whereas no
secondary phase is present in the specimen NZSP3.6
which has the highest sodium content. Additionally,
in the specimen NZSP3.0 a glassy phase engulfing
smaller pores can be observed (Fig. 2b), while this
phase is not present in the specimens with similar
sodium contents NZMgSP and NZScSP.

The formation of a glassy phase in NASICON
material has already been reported, being apparently
associated with elevated sintering temperatures as
well as a low sodium contents [31-33]. For the NHSP
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Table 2 Nominal and actual compositions of the synthesized NASICON specimens as determined by ICP-OES

Starting powder of specimen Determined composition in mol

Na Sc Mg Zr Si P ¢
NZSP 3.6 3.60 (0.12) - - 2.00 (0.07) 2.27 (0.13) 0.64 (0.02) 12
NZSP 3.0 2.99 (0.05) - - 2.00 (0.04) 2.26 (0.04) 0.70 (0.01) 11.85
NZScSP 3.15 (0.06) 0.35 (0.01) - 1.60 (0.02) 1.95 (0.05) 0.93 (0.02) 12
NZMgSP 3.15 (0.07) - 0.03 1.95 (0.04) 1.99 (0.04) 0.95 (0.02) 12
Starting powder of specimen Determined composition in mol

Na Hf Zr Si P ¢
NHSP 2.1 2.12 (0.15) 1.90 (0.17) - 0.1 (0.01) 2.44 (0.19) 0.56 (0.04) 11.35
NHSP 2.3 2.29 (0.07) 1.90 (0.08) - 0.09 (0.01) 2.48 (0.10) 0.61 (0.04) 11.45
NHSP 2.8 2.82 (0.10) 1.98 (0.08) - 0.02 (0.01) 2.64 (0.11) 0.59 (0.03) 11.6
NHSP 3.2 3.20 (0.13) 1.91 (0.07) - 0.09 (0.01) 2.47 (0.08) 0.59 (0.02) 11.85

Compositions are given in mol, uncertainties in terms of the standard deviation are given in brackets. ICP-OES compositions were

normalized based on the Zr target value
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Figure 1 Particle size distribution of the powder corresponding to the a NZSP series and b NHSP series, as measured by laser

granulometry.

series, the data summarized in Table 3 confirm that
the fraction of a glassy phase increases with
decreasing Na content, as does the secondary phase.
In the SEM images at lower magnifications (Fig. 3a),
hemispherical voids can be observed in NZMgSP and
NZSP3.0, while these voids are not present in
NZSP3.6 and NZScSP. These voids can be interpreted
as bloating, which has been linked to higher sintering
temperatures, lower sodium content and the forma-
tion of the ZrO, secondary phase as well as glassy
phase [46, 47]. These effects can mainly be attributed

@ Springer

to incongruent melting of NASICON. The doping
with Sc seems to inhibit such effects associated with
incongruent melting, since no bloating, no glassy
phase formation and only small amounts of sec-
ondary phase were observed in the specimen.

SEM images at higher magnification (Fig. 3b) show
micro-cracks in the NASCION grains, originating
from the ZrO, secondary phase formation. These
cracks might be a result of the expansion-associated
transformation of tetragonal to monoclinic ZrO,, that
has been described in the literature [47].
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(a) NZSP 3.6

(¢) NZScSP

Figure 2 SEM images of the polished NZSP specimens. Lighter
grains are secondary ZrO, phases. These can be observed for all
specimens, except for NZSP3.6. In NZSP3.0 an additional glassy
phase can be observed along the grain boundaries (dark grey). The
phases were identified by EDX measurements (see supplementary

(a) NZMgSP = Y @

Figure Sup. 9). The pore size distribution of the specimens is quite
different, was even large, hemispherical voids can be observed at
magnifications for NZMgSP and NZSP3.0 (see
supplementary Figure Sup. 11) but not for the other specimens.

lower

(b) NZSP3.0

Figure 3 SEM images of NHSP2.1 at low magnification a showing the voids caused by bloating and of NZSP3.0 at high magnification

b showing cracks originating from the secondary ZrO,.

Overall, the microstructures of all NHSP specimens
are similar (Fig. 4), where aforementioned effects
such as bloating, micro-cracks, a secondary phase (in
this case HfO,, as confirmed by XRD and EDX) and a

@ Springer

glassy phase can be observed for all NHSP
specimens.

Based on the SEM images, grain sizes, glassy phase
contents and porosities can be assessed. For the NZSP
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specimens denser ceramics are achieved in cases
where the starting powders have a lower median
particle sizes. However, for the NHSP specimens, the
dominating effect seems to be either bloating, leading
to large voids or rather the formation of glassy phase
filling smaller pores. Therefore, the effect of the par-
ticle size distribution of the starting powder on the
densification of the sintered NHSP specimens cannot
be observed.

The average grain size is similar for the different
materials, being ~ 0.7 um. An exception is NZScSP,
which has a larger grain size of ~ 1.2 pm possibly
related to the low amount of a secondary phase. The
same can be observed for NZSP3.6, which also yiel-
ded a somewhat larger grain size compared to the
other compositions, while no secondary phase con-
tent could be detected. In summary, the results show
higher amounts of glassy phase, secondary phases,
micro-cracks and large semispherical voids with
decreasing sodium content for both NZSP and NHSP
test series.

For all materials, room temperature ionic conduc-
tivities were measured. Due to the very low

151

impedance of the sample, the induction caused by the
internal circuits of the equipment becomes significant
and has to be considered by implementing an elec-
tromagnetic coil in the equivalent circuit model
(Fig. 5) that is used to fit the curve.

Note, it has been reported that the semicircle
attributed to the bulk conductivity of Naj4Zr;Sis 4.
Py6O12 cannot be observed at 25 °C in the investi-
gated frequency range [48, 49]. For the purpose of the
fit, we therefore consider just a resistance for the first
x-axis intercept. The capacitance values of Q2
(3.0-10° F) and Q3 (3.6 x 10~° F) fit well with char-
acteristic values observed for the grain boundary and
the electrolyte—electrode interface. So, R1 and R2 can
be estimated to be the bulk and grain boundary
resistances, respectively, the sum of which repre-
senting the total resistance that is used to calculate
the total conductivity.

The resulting total ionic conductivities of all
NASICON compositions are listed in Table 3. The
values achieved in this work are slightly lower than
the ones reported in the literature [48-50]. However,
the expected general trend from NZSP3.6, possessing

(b) NHSP2.3 & =

=28,

Figure 4 SEM images of the polished NHSP specimens. In all specimens, secondary HfO, crystals (bright grains) exist as well as a glassy

phase (dark grey) at the grain boundaries. The phases were confirmed by EDX analysis (see supplementary, Figure Sup. 10).
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100 . .
Q2
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50 | 1
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-50 : :
150
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Figure 5 Nyquist plot of an EIS measurement on sample
NZSP3.0, including the equivalent circuit model used to fit the
curve.

the highest total ionic conductivity due to the high
sodium content, can be confirmed. Observation made
above showed the low sodium content is responsible
for the appearance and severity of glass phase and
also secondary phase; however, higher sodium con-
tent also means a higher amount of the charge carrier
in the specimens. Therefore, it is unclear if higher
conductivity values with enhanced sodium content
are related to the higher amount of charge carriers or
to the lower amounts of glass and secondary phases.

The indentation test-derived elastic modulus and
hardness values are presented in Table 3. In general,
the indentation results are comparable to literature
values [22] considering corresponding load ranges.
The elastic modulus and hardness values of all
specimens are rather independent of the applied
loads in the investigated load range of 100 to 500 mN.
The elastic modulus values at the higher loads appear
to be lower for a few specimens, probably a result of
indentation crack formation.

The Hf-free materials appear to reveal an effect of
the porosity on the mechanical properties, with the
specimen NZSP3.0 yielding the highest values cor-
responding to the lowest porosity. Effects of porosity
on mechanical characteristics are widely known
[51-55]. The lowest porosity of this test series also
corresponds to a microstructure with some glassy
phase and secondary phase. Specimens NZSP3.6 and
NZScSP have rather low values, almost no secondary
phase and at the same time marginally larger grain
sizes, but still slightly different Na contents. The
increased Na content of NZSP3.6 compared to
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NZScSP is not reflected in elastic modulus and
hardness. Here, the porosity appears to dominate.
For the NHSP series, again, the specimen with the
lowest porosity, NZSP3.2, yields the highest elastic
moduli, while no differences in the hardness’ are
observed. Increased glassy phase and secondary
phase contents did not enhance the values, hence also
suggesting that for the Hf-free materials the higher
elastic modulus of NZSP3.0 is not a result of such
effects.

For the NHSP specimens, the crack-length-to-im-
print-diameter ratio is in a range of 0.77 to 0.93, and
for the NZSP specimens between 0.53 and 0.78, which
is indicative of a Palmgqvist crack system for all
materials (0.25 < I/fa < 2.5) [56]. Typical micrographs
of imprints and cracks on the surface after indenta-
tion in Fig. 6 show the polished surface of NHSP2.1
and NZSP3.6.

The cracks in all investigated materials propagate
along a convoluted straight line indicating a mixture
of inter- and transgranular fracture mode. In Fig. 7,
SEM micrographs of the crack tips at high magnifi-
cation are shown. As can be seen in Fig. 7a), no
changes in the crack propagation paths due to the
glassy phase can be observed, indicating similar
mechanical properties of the glassy and the NAS-
CION phase. Due to the higher elastic modulus of the
secondary phase (ZrO, ~ 200 GPa; HfO, ~ 150
GPa), the crack deflects at the secondary phase-
NASICON interface as can be seen in Fig. 7b) [57, 58].
This crack deflection might lead to slightly enhanced
fracture toughness results [59].

The fracture toughness values of the samples are
compiled in Table 3. Measurements at loads of 0.98,
1.96, 2.94 and 4.9 N yield values that in general agree
well within the limits of experimental uncertainty.
Thus, overall, the different compositions have similar
fracture toughness ranging from 1.2 to 1.6 MPa-m'/%
In the literature, a strong link between the glassy
phase content and the fracture toughness results was
suggested [60, 61]. However, in the current work the
glassy phase and NASICON main phase seem to
exhibit similar mechanical properties; thus, no influ-
ence of the glassy phase content on the mechanical
properties of the specimens can be observed. Speci-
men NZSP3.6 showed a significantly higher value of
2.2 MPa-m'/2. Since NZSP3.6 is the composition
investigated, which does not exhibit a secondary
phase, and since we have shown the existence of
micro-cracks within the NASICON phase originating
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(a) NHSP2.1

Figure 6 Laser confocal microscopy images of Vickers imprints
obtained at a load of 2.94 N and induced cracks on the surface of
specimens a) NHSP2.1 and b) NZSP3.6. The dark spots next to the
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imprints in (a) and in (b) are remnants of isopropanol used to clean
the surfaces..

Figure 7 SEM images if the crack propagation at the tip of the Vickers imprints. a Transgranular crack propagation through the
NASICON and glass phase. b Crack deflection at the NASICON-secondary phase interface.

from the secondary phase, it can be concluded that
these micro-cracks in the secondary phase weaken
the material and thus reduce the fracture toughness
for the other specimens. Note that specimen NZSP3.6
exhibits a rather low hardness; thus, the increased
fracture toughness might also be affected by
enhanced plastic deformation, but, on the other hand,
specimen NZScSP, which has a similar hardness,
reveals rather low fracture toughness, thus not con-
firming this hypothesis. In contrast to the behavior of
elastic modulus and hardness, an effect of the
porosity on the fracture toughness cannot be
observed, perhaps partly related to the chosen
indentation positions, which are preferentially loca-
ted in areas of low porosity, whereas the indentation-
derived elastic modulus and hardness values are

averages of rather large data sets of randomly chosen
indentation positions.

Conclusions

Microstructure, conductivity and mechanical prop-
erties of NZSP and NHSP specimens with different
compositions have been investigated. The densifica-
tion of the specimens seems to be controlled by the
particle size distribution of the starting powders,
incongruent melting of the NASICON phase and
bloating. However, the incongruent melting of the
NASICON phase and the formation of bloating seems
to be dominating. The bloating effect creates large
voids within the specimens, thus reducing the
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relative density. However, a direct relation between
the number of voids and the composition could not
be found. The incongruent melting leads to the for-
mation of a glassy phase filling micro-pores. The
amount of secondary (HfO, and ZrO,) as well as
glassy phase seems to decrease with increasing
sodium content. The conductivity depends on the
sodium content, with the highest conductivity values
for the specimens with the highest sodium content
and accompanied by the lowest amount of secondary
phase. The secondary phases induce micro-cracks in
the materials; thus, it is suggest that this effect is
reducing the apparent fracture toughness. The elastic
modulus and hardness results of the specimens
appear to be affected mainly by the porosity.

Overall in order to improve the fracture toughness
and ionic conductivity, the formation of secondary
phases and bloating should be inhibited. This might
be achieved by higher sodium contents, which
should also eliminate the glassy phase content as well
as the secondary phase content.
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