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ARTICLE INFO ABSTRACT

Keywords: Lithium containing glassy materials can be used as solid electrolytes or electrode materials for lithium-ion

Oxynitride ) batteries due to their high energy density. Conventional melt-quenched Caj;Al;4Si16049N10 glass powder con-

Elglsf'ce‘amlcs taining 24 e/o N, doped with Li-ions (1, 3, and 6 wt. %) and sintered by spark plasma sintering technique (SPS)
1thium

was studied. The benefits of using SPS to produce glass-ceramics are rapid heating rates compared to conven-
tional consolidation techniques and tuning of properties, adjusting the temperature, holding time (closed to Tg
temperature), heating rate (solidification), and pressure (densification) profile during the heat treatment using
SPS. Pure glass and glass-ceramic were obtained under identical SPS conditions and compared with pristine
oxynitride and soda-lime-silicate (float) glasses. XRD and SEM analysis confirmed that increasing the amount of
Li increases the crystallinity in the glass matrix. Nano-indentation analysis showed a decreased hardness and
reduced elastic modulus values with the addition of Li-ions. The direct current conductivity increases with the
addition of Li due to the high mobility of Li-ions. However, the float glass sample doped with 6 wt.% of Li
exhibits even higher values of D.C. conductivity, than the analogously doped Caj1Al14Si16049N10 glass. The
magnitude of activation energy (more than 1 eV) is typical for an ion hopping mechanism and the D.C. con-
duction mechanism is dominated by Li™ hopping.

Impedance spectroscopy
Spark plasma sintering

1. Introduction of the reasons why glass-ceramics are preferred over glasses and ce-

ramics in many applications, e.g. optical, medical/dental, technical,

During the last decade, there has been an increasing interest for
lighter, multi-component, and hierarchically structured new oxynitride
glass-ceramics having higher mechanical, thermal, and electrical prop-
erties. S.D. Stookey was the first who serendipitously discovered glass-
ceramics in the middle of the last century [1]. Glass-ceramics com-
bines the properties of glasses and ceramics by their better mechanical
properties when compared to glasses and by the easiness of processing
when compared to ceramics. Indeed, moulding is easier, faster, and
cheaper than solid-state sintering, which is the standard way of pro-
ducing crystalline ceramics [2-6]. Glass-ceramics materials exhibit
favourable mechanical, electrical /electronic, magnetic properties, and
chemical properties. Furthermore, substantial diversity of
microstructure-property arrangements and processing routes are some
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electronic, architectural, and consumer. This includes the increased use
of glass-ceramic materials for environmental and energy applications in
the last decades.

Glass-ceramics are commonly fabricated by reheating the glass
above the glass transition temperature at atmospheric pressure while
nucleation and crystallisation occur. The formed glass-ceramics in turn,
depend on both the composition of the base glass and the heat treatment
route. In comparison with oxide-based glass-ceramics, very few studies
have been conducted on oxynitride-based glass-ceramics. Furthermore,
all the obtained oxynitride glass-ceramics have been prepared by the
traditional heat-treatment technique [7-9]. As mentioned above, in
conventional heat treatment, the parent glass is crystallized by nucle-
ation followed by crystal growth during the stepwise heat treatment in
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the furnace. This process is generally carried out at atmospheric pressure
and typical heating rates vary between 5—50 °C/min, which is
time-consuming. Furthermore, this limits the extent and scope of the
microstructure and property optimization of these materials [8,10-13].
Here the researchers opted for a different approach for processing
glass-ceramics using the spark plasma sintering (SPS) technique. The
benefits of SPS are rapid heating rates compared to conventional fur-
naces and the possibility to apply a simultaneous uniaxial pressure and
thus SPS is known for its rapid densification and is widely applied in the
sintering of refractory metals and ceramics systems. SPS makes it
possible to tune the properties of glass-ceramics by adjusting the tem-
perature, holding time, heating rate, and pressure profile during the heat
treatment. Moreover, another common way to modify the properties of
glass-ceramics is by introducing alloying elements. The main issue in
SPS processing is whether the alloying element can fully be dissolved
and evenly dispersed in glass-ceramics during the fabrication process. To
the best of our knowledge, there are so far no reports regarding the
fabrication of oxynitride glass-ceramics by SPS technique.

In this study, the SPS technique is applied to calcium aluminosilicate
oxynitride glasses (CaAlSiON). These exhibit superior mechanical,
chemical, thermal, and optical properties as compared to their oxide
glass counterparts [14-18]. However, the properties of CaAlSiON
glasses do not solely depend on the N concentration but also the modifier
element concentrations into the glass network. Compared with the bulk
Ca-(Al)-Si-O-N glasses, less research has been reported on the
glass-ceramics in the present system. Furthermore, there are no in-
vestigations on the effect of lithium addition on the properties of
CaAISiON glass-ceramics. However, solid ion conductors have received
considerable attention, from both scientific and technological points of
view, due to their low redox potential, high volumetric energy density,
and atmospheric stability. In such lithium can be used in a vast variety of
batteries while energy storage technologies are becoming more impor-
tant in times of changing. Especially, LiAISiO glasses and glass—ceramics
nanocomposites are of considerable importance in a variety of industrial
applications [19,20], and due to fast ion conducting they are consideres
as possible candidates for solid lithium ion batteries [21]. Therefore, the
phenomenon of lithium ions diffusion in CaAlSiON system is a fasci-
nating topic.

In this paper, the authors presented Li-doped CajiAl;4Sij6049N10
glass-ceramic materials prepared by SPS and the impact of lithium on
microstructure, density, hardness, elastic modulus, and electrical prop-
erties. This is the first paper that verifies the applicability of SPS on
oxynitride glass-ceramic doped with Li ions in the CaAISiON system.

2. Experimental procedure

Oxynitride glass with a composition of Caj;Al;14Si16049N1¢ (at.%)
was prepared at 1650 °C by using a radio frequency furnace. The starting
powders for the parent glass were CaH,,(95 % metal basis, Alfa Aesar
GmbH & Co), Al;,03 (99 % ChemPur GmbH), SisN4 (99 % ChemPur
GmbH), SiO3 (99.9 %, ABCR GmbH & Co). The mass of 22 g of the
mixture was melted in Nb crucible in a nitrogen atmosphere. Further
details concerning the glass synthesis and characterization are given in
Ref. [22-26]. Li was doped to the re-grinded glass matrix prior to the
spark plasma sintering (SPS) (HP D5, FCT Systems, Frankenblick, Ger-
many). 5 g of Ca;1Al14Si16049N1¢ glass powder were mixed with 1, 3,
and 6 wt.% of lithium where LiOH was used as a Li source. Additionally,
soda-lime-silicate glass (float glass) powder (5 g) was doped with 6 wt.%
of Li for comparison purposes.

Mixed powders of Li and Caj1Al14Si16049N10 was poured into a 20
mm diameter graphite die. A constant uniaxial pressure of 20 MPa was
applied at room temperature prior to sintering at 900 °C (just below the
pristine glass transition temperature, 940 °C), the used heating rate was
100 °C/min, and a soaking time of 30 min. The float glass doped with Li
ions was sintered at 600 °C and uniaxial pressure of 18 MPa as powder
sample melted when sintered at 750 °C. Sintering was performed in a
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Fig. 1. Spark plasma sintering (SPS) densification curve demonstrating the
sintering mechanism of sample ID G6 as an example and insert become most
apparent and reveal similar behaviour for the other samples as per Table 1.

vacuum with a starting pressure of 5 x 102 mbar [27,28]. Fig. 1 shows
SPS shrinkage curve for G6 sample and represents various stages of the
sintering process of the selected sample. The trend is generally the same
for all the samples (see insert Fig. 1). It is observed that fine powder
particles  start to rearrange  themselves followed by
solution-diffusion-precipitation stages that take place according to their
glass transition (Tg) temperature(s). It is further observed that densifi-
cation occur a bit lower than (<100 °C) the defined Ty temperature
which is ascribed as the presence of the applied load during sintering of
the powder mixture. Therefore, near the end of the coalescence of pre-
cipitation stage of grains, a T temperature expected. The attribution of
the solution diffusion and precipitation stage most of the densification
process accomplished. Therefore there is not much impact on the
densification behaviour as the Ty temperature is similar in each
composition. Additionally, on the other hand, the beginning of the final
stage appeared at nearly identical temperatures for most of the glass
powder samples.

Sintered glass-ceramics disks with a diameter of c.a. 20 mm and a
thickness of around 5 mm were obtained. The graphite sheet used in the
SPS process causes a contamination layer on the surface of the sintered
samples. This layer was removed using SiC abrasive paper (grit sizes
ranging from 120 to 1200 grit) and the final polishing for microstructure
analyses was done using diamond polishing down to 1 pm finish.

Microstructure observations were carried out with an optical mi-
croscope (DSX510, Olympus, Japan) and a scanning electron micro-
scope (JSM-7000F, JEOL, Japan with Schottky-type FEG) equipped with
an energy-dispersive X-ray spectrometer (EDS detector, Oxford In-
struments, UK). The SEM was operated at acceleration voltages of 15 kV,
and specimen images were acquired in backscattered electron mode. X-
ray diffraction (XRD) 26 scans were performed to determine the amor-
phous/crystalline nature of the pristine Ca;1Al;4Si16049N10 sample and
glass-ceramics after melting and sintering SPS respectively, by using a
Panalytical X’pert PRO MPD diffractometer equipped with a Cu Ko
(1.5401 [o\) source operated at 45 kV and 40 mA.

Densities were measured using Archimedes principle in deionized
water (pg20) = 0.998 g/cmg) corrected for its temperature within 21.5
+ 0.5 °C for the measurements. A Mettler Toledo density measurement
kit was used to determine the density of a solid sample. Hardness H, and
reduced elastic modulus Er, of the glass and SPS sintered samples were
measured by nano-indentation method. Nano-indentation was per-
formed using a Nano Test Vantage instrument from Micro Materials
(UK). Loading and unloading curves were produced with a standard
Berkovich diamond tip at 20 mN. The Berkovich diamond tip was cali-
brated on a fused silica sample and 10 indentations were performed on
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Fig. 2. X-ray diffraction patterns of samples, (left) amorphous (right) crystalline. Patterns have been offset by maximum value to allow comparison. The results of

crystalline phase reflections fit and their symbols are listed in Table 2.
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Fig. 3. FTIR spectra for all samples. All spectra are background corrected and

normalized to the intensity of the high-frequency envelope at ~ 900 cm™*.

each sample to get a statistically valid average value. The hardness and
reduced elastic modulus were calculated by the method of Oliver and
Pharr using the elastic unloading part of the load-displacement curve
[29]. Differential thermal analysis (DTA) measurements were performed
to determine the glass/glass-ceramics transition and crystallization
temperature. The measurement was made up to 1400 °C on powdered
samples placed in Al;O3 crucibles and a heating rate of 20 °C/min under
flowing nitrogen atmosphere. The instrument was used a Netzsch STA
409PC. Glass transition temperature (Tg) was estimated from the
endothermic drift on the DTA curve.

Electrical measurements were conducted in the frequency range
from 10 MHz to 1 MHz and the temperature range of 373 K-623 K, with
an AC voltage of 1 Vs using the Novocontrol Concept 40 broadband
dielectric spectrometer. The temperature step was 10 K. The tempera-
ture was controlled using the high temperature Novotherm HT 1600
Controller. Impedance was measured on plane parallel samples in the air
atmosphere. Before measurements, the sample surfaces were polished
and gold electrodes were evaporated in a vacuum. The results were
analysed with the use of Origin 8.5 software.

3. Results and discussion
3.1. Glass and glass-ceramics characterization
The parent oxynitride glass Caj1Al;14Si16049N1¢ (at.%) prepared by

melt-quenching technique is X-ray amorphous and has color opaque
brown. In general, nitrogen-containing silicon base oxynitride glasses

98

are less transparent in the visible region due to the impurities like
elemental Si and silicides present in the glass matrix. Fig. 2 displays the
X-ray diffraction (left) of amorphous and partially crystalline samples
(right). It can be noticed that samples G, GO, and G1 exhibit an amor-
phous halo typical for glasses. Samples G3, G6, and FG6 show not only
the amorphous halo but their X-ray diffraction patterns also display
sharp reflections of different crystalline phase(s). The intensities and
broadness of the reflections change with the Li content in the glass
matrix. The results of the best matching reflections fit are given in
Table 2 and marked in Fig. 2. The crystallites in samples G3 and G6
(Fig. 2 (right)) are mainly various lithium silicates. However, there are
also lithium aluminum silicate, lithium hydride, aluminum oxides
(Al,03 and Al ¢04) and silicon oxide. In the following parts of this work,
samples G, GO, and G1, are described as glasses, while samples G3, G6,
and FG6 will be classified as glass-ceramics to underline the morpho-
logical differences between them.

Fig. 3. shows the FTIR spectra of the lithium doped Caj;Alj4.
Si16049N10 glass and soda-lime- silicate glass-ceramic (sample ID FG6).
All materials show mostly rounded shapes of curves bands, typical for
amorphous materials. The sample FG6 shows the main bands at 930
em ! and 778 em ™}, as well as two small envelopes at 1030 em ! and
616 cm™ . According to the literature [30,31], the strongest
high-frequency band and its small shoulder are due to Si-O band vi-
bration (Q?, silicate tetrahedra with two non-bridging oxygen) and
Si-O-Si stretch band, respectively. The band at 778 cm ™! correlates with
Si-O-Si symmetric stretching vibrations of bridging oxygens between
two adjacent SiO4 tetrahedra [32]. A weak sharp shoulder observed at
616 cm™! is not typical for float glass and most probably is due to the
presence of silicate nanocrystallites detected by XRD [33].

In silicate glasses, the incorporation of aluminum is mainly consid-
ered to play the role of the glass former rather than the glass modifier.
Especially while aluminium content is close to the one of silica as in the
case of tested samples (ratio of Al/Al + Si ~ 0.47). Moreover, aluminum
and silicon have similar masses and ionic ratios, favoring coupling their
vibrations [34]. In that case, the presence of the AI*t cations will be
visible as the large downshift of the high-frequency silicate band and
lower bands with increasing aluminum content [34]. FTIR spectra of the
pristine glass have two prominent band envelopes in the high frequency
~910 cm™! and low frequency ~660 cm™! regions. The main
high-frequency band is shifted into a lower frequency while compared
with the one observed for sample FG6. This effect is attributed either to a
gradual shift in the Si-O stretching frequency or a superposition of
discrete bands due to a Si(OAl), unit, where x is the number of aluminate
tetrahedra neighboring a silicate tetrahedron [31,34-36]. Moreover, the
band at 665 cm ™! can be directly correlated with either “condensed”
alumina octahedra or “isolated” alumina tetrahedra in the silicate
glasses [37]. FTIR spectra of glass-ceramics G3 and G6 show also a small
and sharpened peak at ~704 cm ™!, which indicates the presence of AlOg
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Fig. 4. Optical microscope images of the SPS sintered samples. The scale bar is 70 pm in all the micrographs.

50um

Fig. 5. SEM micrographs of Ca;1Al;4Si16049N10 and float glass after sintering in SPS.

octahedral unit in the glass structure in calcium aluminosilicate glass
[38] however it can also be assigned to the silicate-aluminate nano-
crystallites visible in XRD.

It is generally known that introduction of alkali cations (glass
former), such as Li* to SiO, glass breaks the Si—O—Si bridging bonds,
creating NBOs (nonbridging oxygens). The number of NBOs increases
and consequently the depolimerization of glass network following with
increasing alkali ions content [32]. In tested samples, the influence of
doping with Li is observed as the shift of the main band from 916 cm !
into lower frequencies 900 cm™! with the increase in Li content. At the
same time, the additional band at 974 cm ™! appeared for glass-ceramic
G6 doped with the highest amount of Li. This change is due to the
progressive depolymerization of a silicate-aluminate network as a
consequence of Li addition. The increase in Li content increases the
content of silicate tetrahedral with three non-bridging oxygens (Q')
[32]. Additionally, in two samples G3 and G6 a small and sharp shoulder
is visible at ~1193 em ™! which can be correlated with Li-H vibrations

[39], what is in accordance to XRD results.

Optical microscopy observations show that the undoped glass (GO)
and glass doped with 1 wt. % of Li (G1) look amorphous and homoge-
nous after sintering in SPS as shown in Fig. 4. Glass-ceramics (G3, G6,
and FG6) show significantly different topography and contain in-
homogeneities. A clear correlation between the size and amount of
visible inhomogeneities and the Li content in the glass matrix can be
observed. For sample G3 the inhomogeneities take the form of randomly
distributed single dots, while for sample G6 they are found as bigger
separated islands. The biggest inhomogeneities and connected to each
other are visible for sample FG6. These observations accord with the X-
ray diffraction analysis, i.e. the inhomogeneities increase with the Li
content for glass samples.

SEM investigation revealed that the crystallization is most probably
governed by the Li content doped in the glass matrix. Undoped sample,
GO, and glass doped with 1 wt. % Li still remained glass after sintering in
SPS at 900 °C according to the X-ray diffraction analyses. These samples
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Table 1

Sample designation, wt.% of Li doped, SPS sintering temperature, pressure,
density (p), glass transition temperature (T,), nano-hardness (H,), and reduced
elastic modulus (Er).

D Wt. % Li Sintering Pressure  p Ty Hy, Er
doped Temp °C MPa g/ °C GPa GPa
cm®
G 0 NA NA 2.81 940 10.5 122
GO 0 900 20 2.79 943 10.5 124
Gl 1 900 20 2.78 930 10.3 121
G3 3 900 20 2.78 NA 10.0 119
G6 6 900 20 2.77 NA 9.5 114
FG6 6 600 18 2.48 NA 6.5 68
Table 2

Results of the crystalline phase reflections fit and
their symbols in Fig. 2.

Symbol Crystalline phase
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Fig. 6. The real part of A.C. conductivity as a function of temperature
measured at a frequency of 10 Hz (red) and 1000 Hz (black) for all samples.

have homogenous and featureless microstructure without any visible
defect or phase separation, typical for material with amorphous nature.
Fig. 5. shows the microstructure of the sintered samples. It is clear that
the samples G3, G6, and FG6 have crystalline microstructure.

3.2. Physical and thermal properties

The density, hardness, reduced elastic modulus, and glass transition
temperature of the pristine glass and glass-ceramics are summarized in
Table 1. The densities of pristine glass and the Li-doped glass-ceramic
are around 2.80 g/cm®. However, no significant differences were
observed between the pristine glass and the Li doped sintered glass-
ceramics. The float glass-ceramic doped with 6 wt. % of Li has density
values of 2.50 g/cm?, which is lower than the density of the pure float
glass (2.54 g/cm®). The hardness values vary between 9.5 and 10.5 GPa
and decrease with increasing the Li content in the sample. The pristine
glass has slightly lower values, i.e. 10.2 GPa, than the glass-ceramic
sintered without the addition of Li, i.e. 10.5 GPa. Numerous studies
reveal that the hardness values decrease with the increase of modifier
cations, leading to network fragmentation in silicate glass. The decrease
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of hardness with the addition of Li-ion is due to the weaker M—O bonds
incorporated by the Li-ions. A similar trend observed for hardness was
also observed for the reduced elastic modulus, with a decrease in E, with
Li content from 124 GPa to 115 GPa, due to depolymerization of the
network with the addition of Li.

Results from DTA analysis are shown in Table 1. The pristine glass
(G), SPS sintered glass without Li doped (GO) and SPS sintered glass
doped with 1 wt.% of Li (G1) have a glass transition temperature of 940
°C, 943 °Cand 930 °C, respectively. It can be seen that the use of the SPS,
did not influence the thermal properties of pristine glass. However,
doping with Li decreases the Tg, which is due to the depolymerization of
a silicate-aluminate network confirmed by FTIR results. The observa-
tions accord with the microscopy and X-ray analysis that the samples G,
GO, and G1 are amorphous in nature. It was difficult to determine the T
of samples, G3, G6, and FG6.

3.3. Electrical properties

The real part of alternating current (A.C.) conductivity versus tem-
perature is displayed for all samples in Fig. 6. Red color presents the
conductivity behavior measured at frequency of 10 Hz and black color
for a frequency of 1000 Hz. The A.C. conductivity increase with the
temperature and frequency for all tested samples, which is typical for
ionic conductors [40]. The lowest values of conductivity exhibit glass GO
undoped with Li-ions and glass G1 doped only with 1 wt. % of Li. The
conductivity increases with the content of Li for oxynitride samples.
However, the highest values of A.C. conductivity are observed for float
glass doped with 6 wt. % of Li. The highest difference in conductivity
values is found for high temperatures and low frequency regions.

In Fig. 7. the A.C. conductivity is shown as a function of frequency for
exemplar temperatures, for samples: (a) GO, (b) G1, (c¢) G3, (d) G6, and
(e) FG6, respectively. The A.C. conductivity of the undoped glass, GO,
(Fig. 7a) increases with the frequency in a nonlinear fashion. Below the
frequency of 100 Hz the temperature effect on the conductivity
parameter is visible, while at a higher frequency region, the temperature
influence is unclear. Only at temperatures of 613 K and 623 K, the small
frequency-independent part called direct current (D.C.) conductivity is
detected. The conductivity behavior completely changed after doping
with even a small amount of Li such as 1 wt. %. The A.C. conductivity
spectra of all Ca;1Al;4Si16049N10 samples doped with Li (Fig. 7b, c, and
d) can be divided into two parts: D.C. conductivity (6pc) and the A.C.
conductivity (cac¢), which exponentially increases with frequency. The
biggest discrepancy between the conductivity of undoped glass and Li-
doped samples is observed for the A.C. part. In the case of samples
containing Li-ions, the o4¢ curves do not overlap for different temper-
atures. The temperature spectra separation increases with the increase
in Li content. At the same time, the frequency and temperature ranges of
the D.C. plateau also increase. The conductivity behavior of G1, G3 and
G6 samples doped with Li can be analyzed using the Jonscher relation
[41]:

Reo(w) = 6o (T) +A(T)w*' ™" @)

The Reo(w) is the frequency dependence of the real part of con-
ductivity, opc is the frequency-independent D.C. conductivity, A is a co-
efficient and s is an exponent which depends on temperature and ma-
terial properties. Part Aw® describes A.C. dispersion. Additionally, in
Fig. 7e, the A.C. conductivity spectra are shown for comparative sample
float glass doped with 6 wt. % of Li. The conductivity curves of float
glass also exhibit D.C. and A.C. conductivity parts. In the A.C. part, the
additional maxima are observed. The maxima move with the tempera-
ture towards the higher frequency due to the relaxation process, which is
thermally activated. This behavior is different than for A.C. part in
sample GO.

The D.C. conductivity values were evaluated with the use of Jonscher
power law (relation 1) from Fig. 7 and for samples GO and FG6 by fitting
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Fig. 7. The real part of A.C. conductivity as a function of frequency at different temperatures for (a) undoped glass (G0), (b) glass doped with 1 wt. % Li (G1), (c)
doped with 3 wt. % Li (G3), (d) doped with 6 wt. % Li (G6), and (e) float glass doped with 6 wt. % Li (FG6).

the constant frequency-independent part. The exemplar results of fitting
are shown for sample G6 in Fig. 7d. The obtained results are presented
versus the reciprocal temperature for all samples in Fig. 8. The lowest
values of D.C. conductivity are found for undoped glass GO. The D.C.
conductivity increases after doping with Li-ions what is correlated with
Li content as shown in Fig. 9a. A linear relation between D.C. conduc-
tivity of oxynitride samples and the Li content is found. The increase is 4
order of magnitude between undoped glass GO, and sample G6 doped
with 6 wt. % of Li. However, comparative sample FG6 doped also with 6
wt. % of Li exhibits even higher values of D.C. conductivity, of more than
one order of magnitude while comparing with analogously doped
sample G6. The temperature dependences of D.C. conductivity found for
all samples obey the Arrhenius law, described by the expression:

(2)

E,
opcT = aoexp(—k—;)
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Where: oy is the conductivity pre-exponential factor, E4 is the activation
energy for the long-range diffusion of mobile ions and k is the Boltz-
man’s constant. The values of E, estimated from the fitting of Fig. 8.
with Eq. (2) are listed in Fig. 8. for samples doped with Li. Additionally,
the activation energy is displayed as a function of Li content in Fig. 9b. It
can be seen that its value is the highest for sample G1 and it decreases
with the increase in Li concentration. The magnitude of activation en-
ergy observed for all samples doped with Li-ions (more than 1 eV) is
typical for an ion hopping mechanism. In all Ca;1Al;4Si;6049N10 sam-
ples doped with the Li-ions, the D.C. conduction mechanism is domi-
nated by Li" hopping. However, as we used LiOH as dopant, the possible
second type of charge carrier: proton ions, is likely [42]. Moreover,
undoped glass GO does not contain lithium and proton ions; it also ex-
hibits D.C. conductivity at the temperatures of 613 K and 623 K. In the
case GO, we suppose that it exhibits a typical ionic conductivity with
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Fig. 8. The D.C. conductivity versus reciprocal conductivity for all samples.

oxygen ions as charge carriers [42]. At the same time, we suggest that
this conduction mechanism may also be observed in all doped
Caj1Al14Si16049N10 samples. Therefore, their estimated D.C. conduc-
tivity and activation energy values are a sum of all three possible charge
carriers contributions. However, their clear correlation with the Li
quantity unequivocally points to the domination of the Li* hopping
mechanism (Fig. 9). The situation for competitive sample float glass
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doped with 6 wt. % of Li is even more complicated as it contains ~13 wt.
% of Na. The possible conduction mechanism in the float glass sample is
due to different ions hopping: Li*, Na*, HT, and O>~. Moreover, in float
glass, the activation energy can be divided into low and high tempera-
ture regions. The highest values of D.C. conductivity and lower activa-
tion energy for low temperature range in sample FG6 can be correlated
with significantly higher content of all alkali than in G6.

Fig. 10. shows the imaginary part of the impedance and insert shows
the real part of the impedance as a function of frequency in log-log scale
for all samples measured at a temperature of 613 K. In the imaginary
part, a maximum is clearly visible in all samples. The frequency position
of maximum moves into the higher frequency region with the increase in
Li content for all samples. However, the shape of the maximum is not
symmetrical and suggests more than one relaxation process. Moreover,
in the samples G3, G6, and FG6, a further increase in the imaginary part
of impedance with the decrease in frequency is found. This process can
be correlated with the polarization effect due to charge carriers accu-
mulation on electrodes. In the real part of impedance behavior, the D.C.
part can be observed for all samples (Fig. 10 insert). However, the
transition in the A.C. region can be observed, especially in sample FG6
what is in agreement with the asymmetric shape of maximum in the
imaginary part. Additionally, on the right side of Fig. 10, the Nyquist
plots (the imaginary versus real part of impedance) are shown for
samples G3, G6, and FG6. In all three spectra, a minimum of two
semicircles can be noticed and the beginning of the third one. These
semicircles can be correlated with the two or more relaxation processes,

(a) (b)
°
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Fig. 9. (a) D.C. conductivity at 623 K and (b) activation energy versus the Li content for all samples.
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Fig. 11. Exponent s as a function of temperature for samples G1, G3 and G6.

which occurred in samples. This observation is in accord with the pre-
vious statement that the conduction mechanism in the studied samples is
due to more than one kind of ion hopping. However, in the case of glass-
ceramic materials, more than one relaxation process can be as well
correlated with the presence of crystallites and possible grain bound-
aries/interface. The visible beginning of the third process can be
assigned to the electrode and/or grain boundary effect [43,44].

Based on Jonscher relation (relation 1) it was possible to estimate
exponent s for samples G1, G3, and G6 which did not show additional
relaxation in the A.C. conductivity region. Fig. 11. displays the obtained
s values as a function of temperature. The exponent s can be useful in the
prediction of conduction mechanism in glasses and glass-ceramics. The
value of s ranging between 0 and 1 indicates that the hopping motion
involved is a translational motion with a sudden hopping [45]. How-
ever, in the ion-conductors, the parameter s mostly can be found be-
tween 0.5 and 1 and can be correlated with the ideal long range
pathways and diffusion limited hopping. For samples G1, G3 and G6, the
parameter s lies between 0.6 and 0.8 and slightly decreases with tem-
perature. The lowest values of parameter s for glass G1 can be due to a
low rate of successful jumps, which results in low D.C. conductivity
values as compare to other samples [46]. The s values decrease with the
increase in Li content for samples G3 and G6. Additionally, the tem-
perature range in which the s could be correctly fitted also increases.
Increasing the content of mobile ions, the interaction between them and
the lattice around them also increases, which leads to the reduction in
the value of exponent s. Therefore, these changes can be correlated with
the increase in the rate of successful jumps of ions, resulting in the
increased value of D.C. conductivity.

4. Conclusions

Ca containing SiAlION ceramics doped with different concentrations
of Li-ions were prepared by spark plasma sintering technique. Samples
sintered with < 1 wt. % of Li-ions addition were amorphous after sin-
tering in SPS at 900 °C, and 20 MPa. The crystallinity increase with
increasing the content of Li-ions and the most crystalline sample consists
of crystalline phases of Li(AlSi;Og), LizSi3Os, and LisSiOs. The results
demonstrate that tailoring the mechanical and electrical properties of
oxynitride glass and glass-ceramics can be achieved by varying the Li
content in the glass matrix. Like the pristine glass, the sintered samples
were not transparent. The soda-lime-silicate glass doped with 6 wt. % of
Li also turns to be translucent after sintering. Small variation in densities
was observed for oxynitride sample doped with Li-ions, but in the case of
soda-lime-silicate glass, the density decrease from 2.54 g/cm® for pris-
tine soda-lime-silicate glass to 2.48 g/cm® for Li doped one. Glass
transition temperature, hardness, and reduced elastic modulus values
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decrease with increasing the Li content in the glass matrix for both
Caj1Al14Si16049N1o glass-ceramics and soda-lime-silicate glass. The
electrical properties of CaSiAlON glasses and glass-ceramics depend on
Li doping. The D.C. conductivity increases by 4 order of magnitude and
its activation energy decrease from 1.4 to 1.1 eV with the addition of 6
wt. % of Li. The conduction mechanism is dominated by Li-ions hopping
in all Li-doped samples; however, also hopping of oxygen vacancies and/
or protons is possible in the glasses and glass-ceramics. The conductivity
variations with the Li content are due to changing the rate of successful
jumps between ions. Increasing the content of mobile ions in the tested
samples, the interaction between them and the lattice around them also
increases, which leads to the increase in the rate of successful jumps of
ions, resulting in the increased value of D.C. conductivity.
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