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bstract

ense nanocrystalline glass ceramics of the Li2O–Al2O3–SiO2 (LAS) system were obtained by spark plasma sintering (SPS) of powders prepared
y sol–gel method. The low thermal expansion LAS glass ceramic was chosen as host matrix for erbium ions. ZrO2 was added both as a nucleating
gent and as a possible good environment for the rare earth. The developed crystalline phases were analysed by X-ray diffraction (XRD) and

he amorphous phase was quantified. Scanning and transmission electron microscopy (SEM, TEM) was used to investigate the microstructure. A
ifferent behaviour during the crystallisation process was observed between the sample prepared through the sintering of powders and the glass
roduced by the melting technique. A photoluminescence characterisation was also performed.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Transparent glass ceramics have been investigated for opti-
al applications such as solar collectors, up-conversion devices
nd laser media.1 Some recent papers2–7 have proposed some
nteresting applications of transparent glass-ceramics of vari-
us chemical compositions containing nano-sized crystalline
hases doped with luminescent lanthanide ions. The goal is
o obtain crystal-like optical properties in a composite material
ith macroscopic glass properties. Depending on the glass host

nd the crystal phase composition, it is possible to obtain mate-
ials with improved mechanical, thermal, electrical or optical
roperties. Some recent studies concern the luminescent prop-

rties of Er3+-doped TiO2 or ZrO2 nanocrystals or glasses in
hich Er2Ti2O7 and ErPO4 nanocrystals8–10 are developed after

hermal treatment.

∗ Corresponding author.
E-mail address: riellop@unive.it (P. Riello).
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Luminescent oxide glass ceramics in the Li2O–Al2O3–SiO2
ystem could be extremely interesting because of the high
hermal-mechanical strength, near zero thermal expansion and
ransparency.11,12 Glass-ceramics in this group are usually pro-
uced by promoting the volume nucleation in melt-derived
ulk. It is possible to obtain a large number of nuclei (up to
017 nuclei/cm3) by introducing ZrO2, TiO2, P2O5 or a mix-
ure of them. In such a way a large number of nanocrystallites
5–20 nm), belonging to the nucleating phase (for example ZrO2
r ZrTiO4), is developed in the glassy matrix.

Alternative processes are based on the compaction and sin-
ering of fine glass-melt or sol–gel-derived powders.13–20 The
intering usually requires long treatment time and develops a
rystalline coarse grain structure but it is possible to obtain full-
ensity materials in the amorphous state if high heating rates are
sed.16
The glass composition studied in this work belongs to the
AS phase diagram (SiO2 73 wt.%, Al2O3 23 wt.%, Li2O
wt.%) known to lead to a transparent glass ceramic constituted
f �-quartz solid solutions (75%) and a residual glass.
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In the present work LAS glass ceramics containing small
mounts of zirconium oxide are chosen as host matrix for
rbium ions. ZrO2 was added not only as a nucleating agent
ut also because it is an excellent host for the luminescence ions
hanks to its optical transparency, hardness, high chemical and
hotochemical stability, high refractive index and low phonon
nergy.21 In fact, in order to reduce non-radiative transitions
enerally due to multi-phonon relaxations, it is necessary to sur-
ound the active ions by a matrix that possesses low vibrational
nergies.

The powders obtained by the sol–gel route were sintered
y spark plasma sintering (SPS)22–24 which allows to achieve
igher densities at lower temperatures and in a very short time
ith respect to other approaches (i.e. traditional hot pressing),

ven with materials that are difficult to sinter uniformly (e.g.
rO2-based materials).

In this paper, we compared Er-doped LAS glass ceramic
aterials obtained by SPS with those prepared by melting. To

he best of our knowledge this is the first paper that verifies the
pplicability of SPS on LAS glass ceramic.

. Experimental procedure

.1. Sample preparation

The samples prepared by the sol–gel and melting techniques
ave the molar composition given in Table 1. The powders were
repared by the aqueous sol–gel route. The starting materials
ere tetraethoxy silane (TEOS) (98%, Aldrich), lithium carbon-

te (99%, Aldrich), zirconium oxychloride octahydrate (98%,
ldrich), aluminum nitrate nonahydrate (98%, Aldrich) and

rbium chloride hexahydrate (99.9%, Aldrich). Freshly prepared
luminum and zirconium hydroxides, obtained by the addition
f 30% ammonia to the salt water solutions, were reacted with
ormic acid. Lithium formate was prepared from lithium car-
onate. Erbium was directly introduced as the chloride salt and
EOS was lastly added to the water solution containing the right
mount of metal ions. The sol was heated at 70 ◦C until gelation
ook place and the resulting powder was annealed in air for 24 h
t 490 ◦C.

The glass was melted in an electrically heated furnace at
660 ◦C within a platinum crucible. Nucleation of the as-
uenched glass was attempted in a range of temperature between
50 and 1000 ◦C.
.2. Spark plasma sintering

Sintering was performed in an SPS Dr.Sinter 1050 unit (Sum-
tomo Coal Mining Co.) using cylindrical graphite dies. A gas

able 1
olar composition of the SPS and melted samples

SiO2 Al2O3 Li2O ZrO2 Er2O3

PS 77.0 13.86 7.71 1.04 0.39
elteda 76.7 13.80 7.93 1.02 0.55

a The sample contains 4 mol% of BaO, ZnO, As2O3, Na2O, K2O, MgO.
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ressure of 10 Pa was maintained in the apparatus during the
intering process. The electrical power was delivered by the
PS apparatus through the die in rapid pulses, 3 ms in length.
ach pulse has a maximum voltage in the range 0–10 V and a
eak current of several thousand amperes. A pulse pattern of
2:2 (meaning 12 pulses on and 2 off) was used. A uniaxial
ressure ranging between 35 and 53 MPa was applied through-
ut the entire densification process. Densification temperatures
etween 840 and 900 ◦C were used. The sample was heated up
o the desired temperature with a rate of 200 ◦C/min. The sin-
ered samples were disk shaped with a diameter of 19 mm and
hickness of 2–3 mm.

.3. Physical characterisation

The XRD patterns were collected at 295 K, with a step size
f 0.05◦ in the preset-time mode (10 s). In order to improve the
ignal to noise ratio, at least three runs were measured. Philips
iffractometers, equipped with a focusing graphite monochro-
ator on the diffracted beam and with a proportional counter
ith an electronic pulse height discrimination was used. More-
ver, a divergence slit of 0.5◦, a receiving slit of 0.2 mm., an
nti-scatter slit of 0.5◦ and Fe-filtered Co K� radiation were
mployed.

The quantitative phase analysis by X-ray diffraction was
erformed using the Rietveld method (DBWS9600 computer
rogram written by Sakthivel and Young modified by Riello et
l.).25,26 This method was previously successfully applied to the
tudy of crystallization of LAS glass ceramic materials.12

The procedure allows the quantitative analysis of the crys-
alline phases, even if an amorphous matrix is present, without
dding any internal standard to the sample. The quantification
f the different phases is based on the assumption that the whole
hemical composition of the sample does not change during the
reatments.

Transmission electron microscopy (TEM) images were taken
t 300 kV with a Jeol 3010 instrument with an ultra-high reso-
ution (UHR) pole-piece (0.17 nm point resolution), equipped
ith a Gatan slow-scan CCD camera (Mod. 794) and an Oxford

nstrument EDS microanalysis detector (Mod. 6636). The pow-
ered samples were dispersed in isopropyl alcohol solution by
onication for about 5 min and than deposited onto a holey car-
on film.

Scanning electron microscopy (SEM) images were taken
ith a Jeol (Tokyo, Japan) JSM 5600 LV (low vacuum) micro-

cope equipped with an Oxford Instruments (Oxford, Eng-
and) 6587 energy dispersive spectroscopy (EDS) microanalysis
etector. Samples were coated with an Au thin film in order to
void charging effects.

For the infrared (IR) spectroscopic investigations all mea-
urements were performed at room temperature by exciting the
rbium ions at 980 nm using a continuous wave InGaAsP laser
iode. The maximum laser power was about 1 W, but for sta-

le operation a power of 400 mW was chosen. The laser beam
as weakly focused on the sample to a spot of approximately
mm2, corresponding to a power density of about 40 W/cm2.
he luminescence from the sample was collected and analysed



an Ceramic Society 26 (2006) 3301–3306 3303

b
c

w
3

3

t
c
S

s
O
S
X
p
c
t
c
t
p
o
(
t
c
f
E
a

Table 2
Relative density and phase composition of the SPS samples

SPS1 SPS2 SPS3

Relative density (%) 99 96 96
Amorphous (wt.%) 100 99 55
�-Eucryptite/�-quartz s.s (wt.%). 1 39
�-Spodumene (wt.%) – – 2
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y a 30 cm focal length monochromator and detected with a
ooled germanium detector.

Vickers microhardness measurements of glass ceramic tiles
ere made with an indenter (Galileo microscan OD). A load of
00 g for 30 s was used to indent the surfaces.

. Results and discussion

Three sintering conditions characterized by different final
emperature and pressure were used during the densification pro-
ess: SPS1 850 ◦C 35 MPa 2 min; SPS2 840 ◦C 53 MPa 5 min;
PS3 900 ◦C 53 MPa 5 min.

Fig. 1 shows the XRD patterns of the sample prepared by
ol–gel and sintered according to the conditions listed above.
nly SPS3 achieved a marked crystallization while SPS1 and
PS2 are completely or almost completely amorphous. The
RD analysis, see inset in Fig. 1, shows that the crystalline
ortion is mainly constituted of �-eucryptite/�-quartz s.s. and a
ubic-stabilised zirconia phase. Concerning the latter one only
he formation of a ZrO2–Er2O3 s.s. can explain the obtained
ell parameter a = 5.153 Å due to the presence of a cation larger
han Zr4+. In order to establish the composition of the latter
hase we compared the calculated lattice parameter with those
f Er0.2Zr0.8O1.9 (a = 5.145 Å, ICSD 62469) and Er0.5Zr0.5O1.75
a = 5.190 Å, ICSD 62452). Assuming a linear relation between
he composition and the lattice parameter of the cubic cell we

an estimate that in SPS3 the 30% of the introduced Er2O3
orms a solid solution with the ZrO2 with the composition
r0.25Zr0.75O1.875, while the remaining 70% is obviously in the
morphous or/and in the LAS phases. Table 2. reports the phase

t
r

g

Fig. 1. XRD patterns of LAS SPS. Inset: magnification of SPS3 pattern. �-eucryp
r0.25Zr0.75O1.875 (wt.%) – – 2
ullite (wt.%) – – 2

omposition of the SPS samples obtained by using the cited
ietveld analysis.

In Fig. 2A a TEM micrograph of SPS3 is reported. The dark
articles, as confirmed by the EDX analysis (Fig. 3), are the
rO2–Er2O3 s.s. The crystallite size, obtained by the Scher-

er equation, is 10 nm in agreement with the value obtained by
EM. The nuclei concentration,12 1.2 × 1016/cm3, is evaluated
y knowing the density of SPS3, 2.48 g/cm3. This value is very
lose to the density of the glass obtained by melting (2.50 g/cm3)
onsidered as the theoretical one, while the density of the SPS1
nd SPS2 is only 96% of the full density. The average Vickers
icrohardness of SPS3 and the glass obtained by melting are

.76 and 7.1 Gpa, respectively.
The �-quartz/�-eucryptite s.s. composition is [SiO2]0.83

Al2O3·Li2O·2SiO2]0.17 obtained by the refined lattice
arameters.27 The crystallite size of this phase is 33 nm, a value

hat is 1–2 order of magnitude lower than the crystallite sizes
eported in the literature for analogous sintered materials.

The three SPS samples are translucent. It is well known that
ood transparency requires low optical scattering, satisfied when

tite/�-quartz s.s. (E); �-spodumene (S); mullite (M); Er0.25Zr0.75O1.875 (Z).
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h of SPS3 (A) and SPS2 (B).
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Fig. 2. TEM micrograp

he crystalline phases and the residual glass have very similar
efraction indexes and when crystal sizes are much smaller than
he wavelength of light. Even if these criteria are satisfied in
ur samples, the lack of transparency could be ascribed to the
orosity. It is known, in fact, that only if the residual porosity
s less than few ppm (perhaps 100 ppm) transparency is reached
nd, to confirm the latter hypothesis, the SEM image of the
ample SPS3 is shown in Fig. 4.

Thus, in order to further decrease the porosity other SPS con-
itions must be explored.

Fig. 5 shows the IR emission spectra of the SPS samples. In
he three cases the lineshape is identical, with a single peak at
530 nm. The emission intensity decreases with the development
f the crystalline phases (SPS3 is about six times lower than

PS1) because a large fraction of erbium (30 wt.%) moved to

he zirconate phase and its concentration became high enough to
ive the quenching phenomenon. This effect can also explain the
educed emission intensity observed in SPS2 even if only 1 wt.%

Fig. 4. SEM micrograph of SPS3 showing the residual porosity.

Fig. 3. EDX analysis of the particles in micrographes of SPS3 (Fig. 2A.)
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Fig. 5. IR emission spectra of Er3+ doped LAS SPS glass ceramics.

f �-eucriptyte crystallized. In fact, even if X-ray diffraction
oes not show any crystallization of the Er-rich zirconate phase,
he TEM image of the SPS2 sample, reported in Fig. 2B, shows
ts incipient phase separation.

These results on one hand confirm the possibility of draining
he rare earth from the silica rich matrix into the good environ-

ent provided by ZrO2. On the other hand they suggest that
ne should increase the ZrO2/Er2O3 ratio in order to reduce the
rbium concentration in the ZrO2 phase.

The samples obtained by sol–gel were also compared with
lasses prepared by the melting technique. Despite the high
emperature of the nucleation treatments (ranging from 750
o 1000 ◦C) the latter samples always showed amorphous like
-ray diffraction patterns: the nucleating agent ZrO2 did not
recipitate and no crystalline phase developed. This fact was
lso confirmed by small angle X-ray scattering which did not
how any appreciable demixing of phases with different elec-
ron densities.

The different nucleation and crystallization behaviour of the

intered sample with respect to the glass obtained by melting can
e explained considering the different microstructure: thanks to
he high defect concentration on the surface of the sintered pow-

Fig. 6. IR emission spectra of LAS-Er-Zr samples prepared by melting.
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ers more suitable conditions for nucleation and crystallization
re achieved.

It is interesting to observe that also the IR emission spectra
f the glass samples have a behaviour analogous to the sintered
nes (Fig. 6). The lineshape of the IR spectra is the same for all
he samples (the as-quenched sample, the one treated at 1000 ◦C
nd the sintered one (SPS1)), but the emission intensity is higher
or the as-quenched sample with respect to the one treated at
000 ◦C for 24 h. It is worth noticing that the luminescence
easurements show up the clustering of Er3+ ions, extremely

ensitive to concentration quenching, even when diffraction-
ased techniques and TEM analysis were not able to put in
vidence the incipient phase separation.

. Conclusions

Monodispersed Erbium-stabilized zirconia nanoparticles
10 nm) were successfully developed from a LAS glass ceramic
atrix through Spark Plasma Sintering of powders prepared

y the sol–gel method. Completely amorphous samples or with
5 wt.% of crystalline phases can be obtained by choosing differ-
nt conditions of temperature and pressure in the densification
rocess. Although the sintered samples were not transparent,
ensity and hardness of the most crystalline sample are very
lose to the values of the glass obtained by melting while for the
morphous (or near amorphous) samples the density is 96% of
he theoretical one.

In the most crystalline sample the erbia-zirconia solid
olution has cubic fluorite structure with composition
r0.25Zr0.75O1.875. The erbium crystallized into the latter phase

s 30 wt.% of the introduced erbium oxide.
The optical characterisation confirms the structural investi-

ation showing a decrease of IR emission corresponding to the
egregation of the erbium ions into the crystalline phases.

The lack of transparency of the most crystalline sample might
e due to a residual porosity.

The nucleation of an Er2O3–ZrO2–LAS glass prepared by
elting in the range of temperature between 750 and 1000 ◦C

ailed since the nucleating agent ZrO2 did not precipitate and
o crystalline phase developed even at the highest temperature.
he only difference was observed in the IR emission intensity
howing that the as-quenched sample has an intensity higher
han that one of the sample treated at 1000 ◦C probably due to
he incipient Er3+ ions segregation.
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