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a b s t r a c t

A Li1.5[Al0.5Ge1.5(PO4)3] glass composition was subjected to several crystallization treatments to obtain
glass–ceramics with controlled microstructures. The glass transition (Tg), crystallization onset (Tx) and melt-
ing (Tm) temperatures of the parent glass were characterized by differential scanning calorimetry (DSC). The
glasshasareduced glass transitiontemperature Tgr = Tg/Tm = 0.57indicatingthe possibility of internalnucle-
ation. This assumption was corroborated by the similar DSC crystallization peaks from monolithic and pow-
der samples. The temperature of the maximum nucleation rate was estimated by DSC. Different
microstructures were produced by double heat treatments, in which crystal nucleation was processed at
the estimated temperature of maximum nucleation rate for different lengths of time. Crystals were subse-
quently grown at an intermediate temperature between Tg and Tx. Single phase glass–ceramics with Nasicon
structuresandgrainsizesrangingfrom220 nmto8 lmwerethensynthesizedandtheinfluenceofthemicro-
structure on the electrical conductivity was analysed. The results showed that the larger the average grain
size, the higher the electrical conductivity. Controlled glass crystallization allowed for the synthesis of
glass–ceramics with fine microstructures and higher electrical conductivity than those of ceramics with
the same composition obtained by the classical sintering route and reported in literature.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ceramics with Nasicon (Na Super Ionic Conductor) structures
have been widely investigated due to their high ionic conductivity
and potential use as solid electrolytes. Their lithium homologues,
in particular, may be used in electrochemical devices such as bat-
teries [1] and sensors [2]. These ceramics are usually obtained by
the classical powder sintering route and several compositions have
been synthesized and studied [3–9]. Alternatively, Nasicon ceram-
ics have been obtained successfully by other synthesis routes such
as sol–gel [2,10] and glass–ceramic processes [11–17]. The latter,
which do not require the sintering step, produce materials with
homogeneous microstructures and low porosity. Nevertheless, in
the referenced studies, glass–ceramics were obtained by treating
glasses at the crystallization peak temperature measured by differ-
ential scanning calorimetry (DSC) for periods as long as 12 h [12–
16] or 24 h [11] without optimizing the heat treatment parameters
and, hence, the resulting microstructures. Double heat treatments,
i.e. successive treatments for crystal nucleation and growth at dif-

ferent temperatures, were also employed but with no attempt to
control the microstructures [11,17].

This paper presents a previous characterization of the precursor
glass to ascertain its nucleation tendency (internal or surface), its
temperature of maximum nucleation rate and its thermal stability.
Knowledge of the above characteristics is necessary to control the
crystallization of the precursor glass and obtain different micro-
structures. Accordingly, the glass–ceramics were synthesized by
double heat treatments with an optimized nucleation step fol-
lowed by growth at a higher temperature. The glass with the
Li1.5[Al0.5Ge1.5(PO4)3] composition was chosen due to the possibil-
ity of obtaining a Nasicon structure as the single phase [13]. Also,
in this composition, the partial substitution of tetravalent germa-
nium by trivalent aluminum allows more Li+ into the crystal struc-
ture and, therefore, increased ionic conductivity [5]. The lithium–
ion conductivity of the resulting glass–ceramics was measured
by impedance spectroscopy and the influence of the microstruc-
ture on the ionic conductivity is discussed.

2. Experimental and methods

2.1. Glass precursor preparation

The Li1.5[Al0.5Ge1.5(PO4)3] precursor glass was obtained by melt-
ing a mixture of reagent grade Li2CO3, GeO2, Al2O3 and NH4H2PO4
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in the proportions of the stoichiometric formula. The mix of raw
materials was homogenized in a planetary ball mill (with Si3N4

balls and jar) for 2 min at 500 rpm. The mixture was then melted
at 1200 �C for 30 min in an alumina crucible. Platinum crucibles
are not suitable since they can be corroded by phosphorus com-
pounds. The resulting low viscosity liquid was splat-cooled be-
tween stainless steel plates and the quenched glass annealed at
470 �C for 2 h to relieve thermal stresses. After cooling, the glass
was bubble-free, transparent and colorless. No corrosion of the alu-
mina crucible was visible.

2.2. Glass and glass–ceramics characterization

The chemical composition of the glass was determined by
inductively coupled plasma optical emission spectrometry (ICP
OES). An extra batch of glass was melted to verify the reproducibil-
ity of the synthesis procedure. The slight differences between nom-
inal and experimental values in Table 1 can be considered
nonsignificant for our purposes. The equivalence between the
two batches indicates that the synthesis procedure adopted is
reproducible. Electrical measurements were taken in samples from
only one batch, and hereinafter we refer only to the nominal
Li1.5[Al0.5Ge1.5(PO4)3] composition. The lower than nominal pro-
portion of Al2O3 is consistent with the absence of crucible attack
by the melt.

Glass and glass–ceramic densities were measured by picnome-
try in water at room temperature, with an estimated accuracy of
2%. X-ray diffractions were obtained in a Siemens D5000 diffrac-
tometer with Cu Ka radiation and a scan speed of 2�/min. SEM
micrographs were obtained using a Phillips XL scanning electron
microscope equipped with a field emission gun (FEG).

DSC analysis (Netzsch DSC 404) was performed at a heating rate
of 10 �C/min, using platinum pans and covers. The following char-
acteristic temperatures of the precursor glasses were taken from
the DSC curves: the glass transition temperature (Tg), the crystalli-
zation onset (Tx – obtained by the intercept of the extrapolated
base line and the peak trace on its low temperature side), and
the endpoint of the melting peak (Tm). It should be kept in mind
that Tg appears in the DSC curve as a step-like endothermically ori-
ented change in the baseline when, upon heating, the sample
changes from a hard, solid-like state to a super-cooled liquid. A
heat capacity increase follows the change from solid to liquid
and provokes the change in the baseline at the DSC trace.

2.3. Assessment of the temperature of maximum nucleation rate

The temperature of the maximum nucleation rate was esti-
mated by a method proposed by Ray and Day [18], which is cur-
rently employed in the literature (e.g. [19]). By this method,
samples previously nucleated at different temperatures above
and below Tg for a constant period of time are subjected to DSC
runs at a fixed rate. The resulting crystallization peaks are observed
at different temperatures, depending on the nuclei concentration
achieved – the higher the nuclei concentration the lower the crys-
tallization peak temperature. Plotting the inverse of the tempera-

ture of the DSC crystallization peak against the temperature of
previous nucleation, one observes a maximum at the temperature
of maximum nuclei concentration, which corresponds to the tem-
perature of the maximum nucleation rate (Tmax).

The previous isothermal heat treatments for nucleation lasted
2 h. After the nucleation treatments, the DCS analyses were run
at 10 �C/min. A further study of the optimal duration of growth
at 571 �C of samples subjected to different nucleation time inter-
vals at 524 �C was conducted by means of isothermal DSC analyses.

2.4. Electrical measurements

Electrical conductivity was measured by impedance spectros-
copy (Solartron 2016 impedance analyzer) in a two-electrode con-
figuration cell in air, in the 0.1–106 Hz frequency range, with
voltage amplitude of 500 mV. Measurements were taken from
room temperature to 120 �C. The samples were about 0.1 cm thick
and had a contact area of 0.05–0.1 cm2. After polishing, gold was
sputtered onto the two parallel faces of the samples in order to en-
sure the necessary electrical contacts.

3. Results

3.1. Density and DSC analysis

Table 2 lists the measured densities of the glass and glass–
ceramics, while Fig. 1 shows DSC curves of monolithic and powder
samples with particle sizes ranging from 100 to 177 lm.

3.2. Assessment of the maximum nucleation rate temperature

The DSC curves of samples subjected to different previous
nucleation heat treatments are shown in Fig. 2. In the present case,
samples were previously heat treated for 2 h at temperatures (�C)
of Tg � 10, Tg � 20, Tg, Tg + 10 and Tg + 20 and then subjected to dy-
namic DSC runs at 10 �C/min. Plotting the inverse of the DSC crys-
tallization peak temperature against the temperature of previous
nucleation heat treatment (Fig. 3) reveals an apparent saturation
after approximately 524 �C, which coincides with the DSC glass
transition temperature and is assumed to be approximately the
temperature of maximum nucleation rate (Tmax). In the Section 4
we analyze this assumption in detail.

Table 1
Nominal and experimental glass composition and chemical formulas.

Weight% Chemical formula

Li2O Al2O3 GeO2 P2O5
a

Nominal composition 5.4 6.1 37.5 51.0 Li1.5[Al0.5Ge1.5(PO4)3]
Experimental composition – batch 1 5.3 5.8 41.4 47.6a Li1.5[Al0.48Ge1.7(PO4)2.8]
Experimental composition – batch 2 5.3 5.6 40.4 48.7a Li1.5[Al0.48Ge1.6(PO4)2.9]

a P2O5 content was calculated by difference.

Table 2
Density of Li1.5[Al0.5Ge1.5(PO4)3] glass and glass–ceramics.

Sample Density (g/cm3)

Glass 2.98 ± 0.06
Glass–ceramic obtained at 524 �C for 48 h +

571 �C for 30 min
3.23 ± 0.06

Glass–ceramic obtained at 618 �C for 30 min 3.15 ± 0.06
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3.3. Glass–ceramic synthesis

Double heat treatments, i.e., a nucleation step at 524 �C per-
formed for different time intervals (6, 12, 18, 24 and 48 h), fol-
lowed by a growth step at 571 �C, were applied to obtain glass–
ceramics with different nanoscale grain sizes. The crystal growth
temperature was taken as 571 �C, which is intermediary between
Tg and Tx, to prevent rapid crystallization. Isothermal DSC runs at
571 �C of samples previously nucleated at 524 �C are shown in
Fig. 4. The time required for each sample to crystallize completely
was read immediately after the end of the crystallization peak of
the corresponding isothermal DSC curve. Note, in Fig. 4, that the
crystallization peak became sharper and the time required for
the sample to crystallize fully diminished when the nucleation
time was extended from 6 to 48 h, due to the increase in nuclei vol-
ume concentration.

A glass–ceramic was also obtained by a single heat treatment at
618 �C, for comparison with previous results reported by Fu [13].

However, based on results of heat treatments at 571 �C, the time
applied to fully crystallize the sample at 618 �C was 30 min rather
than the 12 h reported by the aforementioned author. Fig. 5 shows
the glass–ceramic microstructures obtained after these heat
treatments.

Fig. 6 shows the X-ray diffraction patterns of the glass–ceram-
ics. In all the cases, peaks in the X-ray spectra match the Nasicon
Li2[Ge2(PO4)3] structure (JCPDS card 80–1924).

3.4. Electrical conductivity

Glass–ceramics with different microstructures were subjected
to impedance measurements. As an example, Fig. 7 contains com-
plex impedance plots taken at different temperatures of a glass–
ceramic obtained with 6 h of nucleation (524 �C) followed by
80 min at 571 �C (microstructure in Fig. 5(a)). Sample’s electrical
resistance was taken at the low frequency intercept of the arc of
the circle with the real axis. The electrical conductivity was then
calculated and results presented in an Arrhenius plot (Fig. 8) at
the Section 4.
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4. Discussion

4.1. Homogeneous nucleation and temperature of maximum
nucleation rate

In Fig. 1, the coincidence of the DSC crystallization peaks for
monolithic and powder samples are a strong indication that this
glass nucleated internally. Had surface crystallization predomi-
nated, the DSC crystallization peak of the powder sample would
be sharper and shifted to lower temperatures when compared to
that of the monolithic sample [20].

In Fig. 2, the DSC crystallization peak moved to lower tempera-
tures when the nucleation temperature rose to approximately the
Tg level, after which there was no significant change in the peak po-
sition with further rises in nucleation temperature (into the error
limits for the differential scanning calorimeter). The intensity of
the crystallization peak apparently increased and saturated in the

same way. The unchanged peak intensity when the nucleation
temperature rose above Tg indicates that no significant crystal
growth occurred within the temperature range of the experiment.
If crystal growth increased in response to higher temperatures in
the nucleation step, one would expect to see a corresponding de-
crease in the intensity of the crystallization peak in DSC. The
apparent saturation of the maximum temperature of the DSC crys-
tallization peak at temperatures higher than 524 �C can thus be
attributed to the effect of extra nucleation on the heating path be-
fore the nucleation treatment or during the subsequent non-iso-
thermal DSC run. For treatments at temperatures above the
maximum nucleation rate, such a maximum is always crossed on
heating and, if the heating rate is not fast enough, significant and
approximately constant nucleation can be achieved on the heating
path, leading to the saturation level observed. In fact, the satura-
tion onset temperature in Fig. 3 is a good estimation of the temper-
ature of the maximum nucleation rate.

Fig. 5. Microstructure of glass–ceramic obtained by double heat treatments: (a) 6 h/524 �C + 80 min/571 �C; (b) 12 h/524 �C + 80 min/571 �C; (c) 18 h/524 �C + 60 min/
571 �C; (d) 24 h/524 �C + 60 min/571 �C; (e) 48 h/524 �C + 30 min/571 �C; and (f) single heat treatment at 618 �C for 30 min. The average grain sizes are indicated.
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The spectra in Fig. 6 indicate single phase materials, corroborat-
ing the results of dynamic DSC runs shown in Fig. 1 and the iso-
thermal DSC results depicted in Fig. 4, which show mainly single
exothermic crystallization peaks. In Fig. 1, the endothermic melt-
ing peak spread over �40 K is typical of the melting of a non-stoi-
chiometric or solid solution composition [25], which occurs with
compositional changes as the temperature rises to the liquidus
[25]. A solid solution must be present, since XRD evidences the for-
mation of single phase materials. The aluminum–germanium sub-
stitution does not modify the position of the XRD peaks when
compared to the LiGe2(PO4)3 due to the similarity between the
Al3+ and Ge4+ ionic radius. Those results are congruent with previ-
ous data obtained from sintered ceramics [3].

4.2. Glass thermal stability

The characteristic DSC temperatures of the precursor glass
(Table 3) enabled us to calculate the values of glass stability
parameters such as (Tx � Tg) [21], Hrüby’s parameter KH ¼ Tx�Tg

Tm�Tx

[22] and the reduced glass transition temperature Tgr = Tg/Tm (tem-
peratures in Kelvin). The higher the Tx � Tg and the Hrüby param-
eter are the more stable the glass is against crystallization. The
resulting parameters, which are shown in Table 3, are compared
with other homogeneous nucleating glasses [21] including also,
for comparison, a Li2[Ge2(PO4)3] glass produced in the present
work according to the melting procedures presented earlier. The
data in Table 3 indicate that the glass composition under study is
not a good glass forming liquid. It was experimentally observed,
during the glass synthesis, that the poured liquid presented low
viscosity at the process temperature, which confirms the assump-
tion of poor glass former. The value of Tgr = 0.57 below 0.60 sug-
gests that internal (supposedly homogeneous [23]) nucleation

prevailed [23,24], as indicated by the DSC patterns of bulk and
powder samples displayed in Fig. 1.

Additionally, it is interesting to note that the thermal stability
parameters of the Li1.5[Al0.5Ge1.5(PO4)3] glass were close to those
of fresnoite glass (Ba2TiSi2O8), which presents the highest maxi-
mum nucleation rate ever determined for a glass [26]. In fact, the
sharp crystallization peaks in Fig. 1 indicate a rapid crystallization
process. The substitution of germanium for aluminum in the base
glass increased all its stability parameters (Table 3). It is worth
mentioning that, despite the low stability parameters found in
the glasses investigated here, we were able to control their crystal-
lization by double heat treatments. This fact indicates minimum
overlap of the nucleation and growth rate curves as a function of
temperature.

4.3. Glass–ceramic microstructure

Crystals nucleated at Tn (the nucleation temperature) are later
grown at Tcg > Tn (Tcg is the crystal growth temperature). If the
curves of nucleation and growth rates as a function of temperature
do not overlap significantly, as must be the case of the glass stud-
ied here, one can design the microstructure so that maximizing the
nuclei concentration produces glass–ceramics with a minimal
average crystal size, since the crystals stop growing when they im-
pinge upon each other. On the other hand, in a microstructure with
fewer nuclei, the crystals grow larger before touching their neigh-
bors, resulting in a coarser average grain size.

Thus, as predictable, the average grain size diminished with
increasing nucleation time (Fig. 5), varying from approximately
220–670 nm (estimated from the micrographs). Glass–ceramics
obtained with a single heat treatment (30 min at 618 �C) presented
a much larger average grain size of about 8 lm.

As expected, the glass–ceramics density was greater than that
of the parent glass. In the present case, the change in density after
crystallization reached more than 8% (Table 2). Such difference in
density is undoubtedly a cause of pore formation. However, the
glass–ceramics obtained with the double heat treatment were den-
ser than that obtained with the single treatment. These results are
clearly visible in the SEM micrographs, Figs. 5(e) and (f), which
show much higher porosity in the sample obtained through the
single heat treatment. Thus, although the porosity resulting from
the difference in density between the glassy and crystalline phases
can be predicted in glass–ceramics [27,28] the percentage and size
of the pores may vary and can be controlled by the heat treatment
procedure, with small grains tending toward lower porosity. The
higher porosity in the sample subjected to the single heat treat-
ment may be attributed to the reduced number of pre-existing nu-
clei, which leads to more residual glass entrapped among grains
than in a material whose volume contained more nuclei prior to
crystal growth. After the crystals impinge, the material no longer
shrinks and further crystallization and densification of the residual
glass among grains leads to the formation of pores in these sites to
compensate for the fixed volume.

It is supposed that the crystallized volume fraction of all inves-
tigated glass–ceramics approximates 100%, i.e., if there is some
glassy phase, it is merely residual. If some glassy phase is present,
its percentage is below the X-ray detection, since the X-ray diffrac-

Fig. 8. Arrhenius plot of the precursor glass and glass–ceramics obtained with
different heat treatments. For comparison, results from Li et al. [3] are also
indicated. Lines represent the linear regression. Correlation coefficients are higher
than 0.997.

Table 3
Characteristic temperatures, Tx � Tg, Hrüby parameter (KH) and Tgr for Li1.5[Al0.5Ge1.5(PO4)3], Li[Ge2(PO4)3] and other internal nucleating glasses.

Glass composition Tg (K) Tx (K) Tm (K) Tx � Tg (K) KH Tgr References

Li[Ge2(PO4)3] 849 913 1503 64 0.11 0.56 This work
Li1.5[Al0.5Ge1.5(PO4)3] 797 877 1403 89 0.17 0.57 This work
Ba2TiSi2O8 980 1068 1703 88 0.14 0.57 Cabral et al. [21]
Na2O.2CaO.3SiO2 854 1016 1557 162 0.30 0.55 Cabral et al. [21]
Li2O.2SiO2 733 937 1303 204 0.56 0.56 Cabral et al. [21]

A.M. Cruz et al. / Journal of Non-Crystalline Solids 355 (2009) 2295–2301 2299



Author's personal copy

togram (Fig. 6), does not show the characteristic halo of amorphous
material at low diffraction angles. Furthermore, it can be noted
that the duration of the employed experimental heat treatment
at 571 �C far exceeds the necessary time to fully crystallize the
sample, indicated by the isothermal DSC curves on Fig. 4.

4.4. Electrical conductivity

Impedance complex planes, as shown in Fig. 7, were used to cal-
culate electrical conductivity. At higher frequencies, the impedance
plot is characterized by the presence of the distorted arc of circle,
indicating the presence of two phenomena with different time con-
stants usually attributed to grain and grain boundary. The low fre-
quency response is a straight line due to the electrode polarization
characteristic of ionic conductive materials. Therefore, the total
resistance (RT) of the sample was taken as the real part of imped-
ance (Re(Z)) corresponding to the minimum of the imaginary part
(�Im(Z)) between the material and the electrode responses. Hence,
the material’s apparent conductivity (ra) is calculated by:

ra ¼
1
RT
� l
S
; ð1Þ

where l is the sample’s thickness and S is the electrode’s surface
area.

Depending on the heat treatment, impedance plots with two arc
of circle were also obtained at room temperature. However, also in
these cases, it was not possible to separate the grain and grain
boundary contributions, since, increasing temperature the two
semicircles vanished, again forming a distorted one [29]. The
appearance of one or two semicircles in the impedance plots will
be the subject of a further study.

The electrical conductivity of the precursor glass and the inves-
tigated glass–ceramics are depicted in an Arrhenius plot in Fig. 8,
together with results from sintered ceramics obtained by Li et al.
[3]. Fig. 8 illustrates a noteworthy fact, namely, that by employing
the glass–ceramic route discussed here we obtained a more con-
ductive material than that obtained by Li et al. [3] by the sintering
route. However, the highest electrical conductivity reached by Fu
[13] was not reproducible.

The straight lines obtained in the Arrhenius plot allow us to ex-
press the apparent conductivity as a function of temperature
according to the relationship:

ra ¼ r0 exp � Ea

kT

� �
; ð2Þ

where Ea is the activation energy of conduction, r0 is the so-
called pre-exponential term, and k and T have their usual mean-
ings. Table 4 lists the experimental values of r0 and Ea obtained
from the linear regression of the experimental data. Values of
activation energy are in accordance with previous results [3,13]
and log r0 values are around 2, which is typical of most solid

electrolytes [30]. The fact that log r0 does not change signifi-
cantly when the glass crystallizes infers that microscopic param-
eters included in r0, i.e. the attempt frequency and the jump
distance, do not change after crystallization. This assumption is
consistent with the fact that short range order in glass and crys-
tal are similar.

The graph of the variation of electrical conductivity at room
temperature versus average grain size in Fig. 9 was constructed
based on the average grain size measured from the SEM micro-
graphs (Fig. 5). The graph clearly indicates that the electrical con-
ductivity increased as the grain size augmented. Conductivity
values of the glass–ceramics obtained by single heat treatment ap-
proach those obtained by Xu et al. [17] and Leo et al. [15] in similar
systems. The glass–ceramics obtained by these authors [17,15]
exhibited average grain size of hundreds of nanometers, similar
to the grain size of the glass–ceramic obtained in this work by sin-
gle heat treatment (Fig. 5). Since the disordered nature of grain
boundaries would destroy the conductive paths of the highly con-
ductive Nasicon structure, a lower electrical conductivity is ex-
pected at the grain boundaries. Thus, the behavior depicted in
Fig. 9 is quite expected, since the volumetric contribution of the
grain boundaries increases as the grain size decreases. It is also
worthy to say that, if some non-detectable residual glassy phase
remains, it would have the same effect as the grain boundary.
Therefore, in this system, nanometric grain sizes do not favor elec-
trical conductivity, contrary to results reported for other ceramic
materials such as ceria [31,32], which may present electronic and
ionic conductivity. Indeed, Tuller [33] recently discussed the ambi-
guity of such results. It is interesting to note that, in the case of
glass–ceramics presented here, samples with the largest grains
showed the highest conductivity, despite their increased porosity.
This fact leads us to conclude that the grain boundary had a more
deleterious effect on the samples’ conductivity than the porosity.
Theoretically, the porosity would not affect electrical conductivity
if the grains remain in close contact and percolate [34]. However,
one must keep in mind that porosity is not suitable in a solid elec-
trolyte applied in lithium batteries, since it can lead to the growth
of lithium dendrites along the open pores at the electrode/electro-
lyte interface, causing short circuits and reducing the battery’s ser-
vice life. Thus, a good compromise between grain size and porosity
must be achieved through double heat treatments.

5. Conclusions

Internal nucleation was shown to prevail in a glass with
Li1.5[Al0.5Ge1.5(PO4)3] composition. Therefore, compositions in the
Li1+x[AlxGe1�x(PO4)3] system represent a new family of internally

Table 4
Electrical conductivity at room temperature (r25 �C), activation energy (Ea) and
logarithm of the pre-exponential factor (log r0) of precursor glass and glass–ceramics
obtained by different heat treatments.

Heat treatment r25 �C
(10�5 S/cm)

Ea

(eV)
Log r0

(r0 in S/cm)

Annealed glass 9.8 � 10�7 0.80 ± 0.01 2.6
524 �C/6 h + 571 �C/80 min 1.9 0.420 ± 0.004 2.4
524 �C/12 h + 571 �C/80 min 2.3 0.46 ± 0.02 3.1
524 �C/18 h + 571 �C/1 h 2.0 0.42 ± 0.01 2.4
524 �C/24 h + 571 �C/1 h 1.3 0.39 ± 0.01 1.7
524 �C/48 h + 571 �C/30 min 2.0 0.390 ± 0.003 1.9
618 �C/30 min

(single heat treatment)
7.6 0.46 ± 0.02 3.6
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Fig. 9. Electrical conductivity at 25 �C vs. average grain size of glass–ceramics
obtained by different heat treatments. Line is drawn as guide to the eyes.
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nucleating glasses. Although the Li1.5[Al0.5Ge1.5(PO4)3] glass pre-
sents low thermal stability parameters compared with other self-
nucleating glasses, it was possible to control its crystallization pro-
cess by double heat treatments. The resulting glass–ceramics had
average grain sizes varying from 200 to 670 nm, while a single heat
treatment produced a glass–ceramic with an average grain size of
8 lm. The single heat treatment led to glass–ceramic with in-
creased porosity. However, electrical conductivity increased with
increasing grain size, indicating that grain boundaries have a more
deleterious effect than other microstructural factors such as poros-
ity. Grain size thus plays an important role in the electrical conduc-
tivity of ionic conductive ceramics with Nasicon structure and can
be controlled by the glass–ceramic route. Such route leads to more
conductive materials than the same ceramic composition obtained
by traditional powder sintering. Double heat treatments provide a
compromise between grain size and porosity.
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