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Abstract. Lithium aluminosilicate (LAS) glass and glass ceramics derived from spodumene
mineral have been studied by transmission electron microscopy (TEM), x-ray diffraction {XRD),
positron annihilation lifetime spectroscopy (PALS) and solid state nuclear magngtic resonance
{NMR) as as-cast glass, as partially crystallized glasses, and as fully crystalline glass ceramics.
The nucleation and growth of the crystalline phases at 725 °C up to 1000 °C have been studied
as functions of varying ime and temperature. Both TEM and paLs are effective tools for studying
the development of the nanophase structure in the partially crystallized glass, TEM observation
established the size and number of crystallites present 1n the glassy matrix, whilst the paLs
coraponent attributed to acthopositronium (oPs} pickeff annihilation was remarkably sensitive to
the nucleation and growth of the crystalline phases in the glass ceramic. This oPs component
was associated either with the nuclei/glass interface or with the nuelei structure, XRD and NMR
were used to study the evolution of the two crystalline phases which form from the glass in
the temperature range 725 °C to 1000 °C, the f-quartz solid solution (55) phase below 900 °C
and the g-spodumene s5 phase above 900 “C. The $i NmR spectra of both f-quartz ss and 4-
spodumene s phases show structures associated with the next nearest neighbour configurations
of the central Si04 units. The 281 and Al NMR spectra of &-spodumene mineral and #-
spodumene 55 phase formed by annealing @-spodurnene are compared to the spectra for the
glass and crystalline phases formed from the melt.

1. Introduction

The viability of producing glasses and glass ceramics in the Li;0O-Al;03-5i05 (LAS) system
has been recognized for many years and continues to attract attention from both the scientific
and economic viewpoints. An understanding of the structure of both the parent glass and
the crystallized product is crucial since it influences the mechanical, optical and especially
the thermal properties of these materials,

The important crystalline phases obtained from the LAS system are f-quartz solid
solution (88) and B-spodumene 88, both of composition Li;O- Al,05-4810;. Beta-quartz S8
is a solid solution based on the hexagonal high-quartz structure and has a thermal expansion
coefficient @sp-700 «c = 0= 0.15 x 10~¢ °C~! [1]. Beta-spodumene $$ is a solid solution
derived from the tetragonal form of silica known as keatite and has a thermal expansion
coefficient to9-700 oc = 1-2 x 1078 °C~! [1]. It is generally reported that B-quartz S$
transforms to B-spodumene S5 at approximately 850-900 °C [1].

Conventionally, LAS glasses and glass ceramics are prepared by combining appropriate
quantities of Li;O (usually as LipCQO;), AlbO3 and SiO; in the required ratios and then
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melting the batch mixture at high temperatures to form a glass. If a glass ceramic is
required, the component undergoes an appropriate heat treatment to produce the fully
crystalline material. In the present work, however, the naturally occurring mineral, a-
spodumene, has been used as the raw material. The «-spodumene mineral has a chain
silicate structure whereas the two crystalline modifications (8-quartz $8 and §-spodumene
55) have three-dimensional aluminosilicate frameworks in which the aluminium and silicon
atoms are randomly distributed on the crystal lattice sites. The low thermal expansion
coefficients of S-quartz $S and S-spodumene 58 can be rationalized in terms of strong (Al,
Si)-Li repulsive forces [2, 3]. The mineral ¢-spodumene has density D, = 3.177 g cm™>
[4] whereas B-quartz $S and S-spodumene $S have density D, = 2.374 g cm™> [3].

With the aid of a nucleating agent (such as the TiQ, used in the present work) the
B-quartz §8 phase can be prepared by heat treating the glass between 700 °C and 900 °C
for 4 to 8 hours and the f-spodumene SS phase by heat treating above 900 °C. Details of
this work, discussing the effect of nucleating agents, heat treatment time and heat treatment
temperature on the nucleation and crystallization behaviour of the LAS system, will be
published at a later daie.

Solid state NMR has developed rapidly over the past 15 years as an atomic probe of
materials, offering an attractive, element-specific, form of materials analysis {5, 6]. Of
interest in the present work is the ability of NMR chemical shifts to distinguish between
the glass and different crystalline structures, thereby providing quantitative analyses of
phase content and bonding environment, both of which are unavailable from XRD [5]. The
chemical shift mechanism relies on relatively close-range interactions so that a well defined
resonance may be obtained in solids in the absence of long-range order.

Lithium aluminosilicates appear to offer three attractive nuclet with good abundance for
structural investigation: 7Li, ¥7Al, and *Si ('7O generally requires enrichment). However
Li{l = % Z = 3) has a chemical shift range too small to be useful as a probe. Of the
remaining two nuclei, ?*Si offers the sharper probe of structure and atomic disorder. In the
present work, ¥ Al and 2°Si MAS NMR are used to probe the glass and crystalline structures
of the LiAlSi;Og system formed by various heat treatments,

Positron annihilation has been used for many years to characterize the electronic
structure of condensed matter {7, 8]. Correlation of positron data with the chemical,
electrical and physical properties of glasses has been successful in numerous systems
including LiO-Al,0:-8i0; [9, 10]. The positron annihilation lifetime spectroscopy (PALS)
technique involves using a positron source, such as ?Na, to emit positrons into a sample.
In inorganic glasses the PALS lifetime spectra typically can be modelled by two or three
decaying exponentials, each with a particular lifetime 7, (annihilation rate™!} and intensity
I; (relative number of annihilations). The lifetime assignments in inorganic oxide glasses
can be made as follows [10]:

71 120-300 ps free positrons in the bulk and pPs self-annihilation,

72 300-800 ps positron-oxygen bound states, positrons trapped at free volume sites
{defects), and

73 9004000 ps oPs pickoff annihilation in free volume sites.

In crystalline ceramics the components in the lifetime spectra can be assigned as follows:

7; 120400 ps free positrons annihilating in the bulk and possibly pPs self-annihilation,

12 400-800 ps positrons trapped at defect sites (defects include anti-site, neutral
vacancies, cation vacancies, vacancy ¢lusters), and

13 9004000 ps oPs pickoff annihilation at interfacial spaces or surfaces.
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In glasses and ceramics, the trapped positron component (ra, f») has been used to
follow structural changes which affect the electron density at the trapping site such as the
effect of dopant concentration in heavy-metal glasses [10} and the effect of irradiation and
annealing on vacancy formation and clustering in SiC [11]. In glass ceramics the oPs
pickoff component (r3, I3} has been used to follow phase separation in lithium silicate
glasses [12]. The goal of PALS research is identification of the annihilation mechanism and
correlation of the annihilation parameters with properties of condensed matter. In addition,
the non-destructive nature of PALS lends the technique to quality control applications, hence
correlation of PALS parameter changes with microstructural changes due to processing is a
burgeoning area of study.

The present work addresses the use of NMR and PALS in conjunction with traditional
matertals characterization techniques such as TEM and XRD to examine the nucleation and
crystallization of LAS glass and glass ceramics as functions of heat treatment. Direct methods
of bulk structure determination, such as XRD and TEM, are complemented by NMR and PALS
observations of local bonding environments, Since the materials under consideration are
derived from natural spodumene mineral, the natural and heat treated spodumene minerals
have also been studied by these techniques.

2. Experimental details

2.1. Materials preparation

Glasses were prepared from a mixture containing 95 wt% spodumene concentrate (95%
LiAlSI1,Of, 5% Si02), 4 wi% TiOs as a nucleating agent and 1 wi% As;O; as a fining
agent to remove bubbles. The batch mixture was heated at 1600 °C for 3.5 h in a platinum
crucible followed by water quenching. The glass was subsequently crushed and remelted
under the same conditions twice more to ensure homogeneity. Following final melting, the
glass was water quenched, transferred to an annealing oven and furnace cooled to room
temperature. Glass samples approximately 1 cm x 1 cm x 2 mm thick were obtained by
cutting larger glass fragments using a diamond saw. Heat treatment involved placing the
glass samples on an alumina tray, heating to various temperatures (725 °C to 1000 °C),
and holding for various times (1 h to 16 h). The heating and cooling rate was 5 °C min~!,
Both - and §-spodumene minerals were studied by PALS and NMR and the results allowed
for comparison of the data between the minerals and the crystallized glass ceramics. The
a-form of spodumene was the natural mineral and the S-spodumene form was obtained by
annealing the g-spodumene mineral at 1000 °C for 3 hours.

2.2, Materials characterization

XRD experiments were performed at room temperature (22 °C) using a Rigaku Geigerflex
diffractometer and Ni-filtered Cu Ka radiation, Samples for TEM were ultrasonically cut,
polished, ion beam milled to perforation, carbon coated and then examined in a Phillips
EM420 TEM operating at 120 kV. Due to rapid degradation of the glassy samples by the
electron beam in a conventional double-tilt holder, some samples were contained in a liquid-
nitrogen-cooled holder.

The NMR data were obtained on powdered samples at ambient temperature (23 °C) with
a Bruker MSL 400 spectrometer operating at a nominal field of 9.4 T, using two different
double-bearing MAS probes. For 2Si the specimens were spun in a 7 mm diameter PSZ
rotor at approximately 4.3 kHz and single-pulse spectra were collected using a 5 us pulse
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and a repetition time of 20 s. For Al spectra the samples were spun in a 4 mm PSZ rotor
at approximately 10 kHz, and a pulse length of 0.7 us and a repetition time of 1 s were
used. Tetramethyl silane at O ppm was used as the reference for 2°Si; yttrium aluminium
garnet (Y3Als04,), with an octahedral line at 0.7 ppm, was used as a reference material for
ZTAl. The pulse repetition times of 20 s and 1 s used for accumulation of the S and 27Al
spectra respectively, were sufficient to prevent saturation.

The source for PALS experiments was made using aqueous 2*NaCl, with an activity of
about 20 Ci, which was evaporated onto 2 2.5 um thick annealed Ti foil (0.114 mg cm™%)
and covered by a second foil. The resulting foil sandwich was crimp sealed. The lifetime
measurements were performed using a fast—fast coincidence spectrometer. The equipment
was thermally stabilized at 22 0.5 °C. The resolution function measured using *Na had a
full width at half maximum (FWHM) value of 250 ps. The positron lifetime spectra contained
about 1 x 10¢ counts. The spectra were evaluated using the program PRPOSFIT [13] to fit
the data as the sum of decaying exponentials, The source component was detected using
annealed aluminium standards which gave repeatable spectra of 7y = 166 = 1 ps (intensity
1) = 984+0.5%) attributed to the Al and 12 = 45035 ps (I = 2+ 0.5%) attributed to the
NaCl. Hence a source correction of v, = 450 ps, I = 2% for annihilations taking place in
the NaCl was used in the data analysis.

Samples were polished in order to minimize trapping of positrons at the surface, and
two identical samples were placed on either side of the source sandwich. All spectra
were collected at 22 + (.5 °C. Four to 10 spectra were collected for each sample, and the
mean values with population standard deviations are reported. An additional error analysis
based upon the least-squares fit of each spectrum is computed by the fitting program giving
standard deviations on each lifetime component and a ‘variance of the fit’ defined by the
ratio of the minimized sum of differences (between data and model) to the degrees of
freedom [14]. This variance is normally distributed with a mean of unity. In the present
work variances of the fit were less than 1.3 for the best fit whether a free or fixed fit.
An attempt was made to fit all spectra with three free components (1), f1; 3, I; 13, )}
however, not all spectra would converge with this degree of freedom. If convergence was
not obtained in all spectra for a given sample, the short lifetime r; was fixed at the mean
value of 7 calculated from the spectra that did converge. This procedure allowed the fitting
roufine to converge for most spectra. The 2ero-time channel and the resolution function did
not vary over the course of the experiments. Each spectrum took approximately four hours
to collect.

3. Results and discussion

3.1. XrRD and TEM

Table 1 summarizes the phase conient of samples subjected to various heat treatment
schedules. As indicated, the samples are comprised of either glass, S-quartz ss or $-
spodumene $5. A typical XRD spectrum in which peaks were identified as B-quartz S§ is
presented in figure 1(a), while a typical §-spodumene 8§ spectrum is shown in figure 1(b).

Of particular interest in the present study is the crystailization behaviour occurring at
725 °C. As may be seen from table 1, a one-hour heat treatment at 725 °C maintained the
fully amorphous nature of the as-cast glass. Increasing the time to 1.5 hours produced a
sample in which both S-quartz S8 and a glassy phase were detected. Further increments in
heat treatment time at 723 °C generated samples which vielded diffraction peaks attributable
only to B-quartz SS.
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Table 1. Phase content of heat-treated sarples.

B-spedumens 5.5

50 55 60

Sample Phase content
As-cast glass Amorphous

1 hat725°C Amorphous
15hat725°C  Amorphous, g-quartz 58
4 hat 725 °C B-quartz S5

6 hat 725 °C B-quartz $s
§hat725°C B-quartz ss

16 hat 725 °C  B-quartz ss

4 hat 750 °C B-quartz 55

4 h at 850 °C B-quartz s

4 h at 950 °C B-spodumene ss
4hat]000°C  g-spodumene $s

3119

Figure 1. Representative xrD spectra of (g)
B-quartz s5 obtained by heat treatment of LAS
glass at 750 °C for 4 h, and (b) S-spodumene
§5, obtained by heat treatment of LAS glass
at 950 °C for 4 h.

The actual XRD specira for glasses heat treated at 725 °C for various times are presented
in figure 2(a)}<(c). The sample heated for 1 hour (figure 2(a)) shows the broad low-angle
peak characteristic of an amorphous structure. A crystallization dwell time of 1.5 hours
generates sharp diffraction peaks (indicating long-range order) consistent with crystalline
B-quartz 8§ but superimposed on an amorphous background (figure 2(b}), and increasing
the dwell time to 8 hours produces an XRD trace indicating total conversion to crystalline

fS-quartz SS.
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Figure 2. XRD spectra recorded from heat
treated LAS glasses: (a) 1 h at 725 °C
{amorphous}, (b) 1.5 b at 725 °C (amorphous
+ B-quartz 55y and (¢} 8 h &t 725 °C (8-
quartz 55).

TEM micrographs of the as-cast glass, as well as selected samples which have been heat
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treated at 725 °C, are presented in figure 3(a){(d). Figure 3(a) depicts a micrograph of
the as-cast glass which reveals a homogeneous, inclusion-free structure. Heat-treating this
glass for 1.5 hours at 725 °C (figure 3(b)) resulted in the formation of isolated nuclei, or
nanocrystals (~ 50 nm diameter) of S-quartz SS, dispersed in the glassy matrix. Increasing
the heat treatment time to 2 hours allowed these crystals to grow to an average diameter
of approximately 100 nm (figure 3(c)), while an additional increment to 4 h led to further
growth of these crystals so that their average diameter was about 120 nm (figure 3(d)). In
all cases, XRD confirmed that the crystals were comprised of 8-quartz SS. The XRD and TEM
results indicate that the various stages of crystallization of the LAS glass may be controlled
through judicious adjustments of the heat treatment time at 725 °C.

Figure 3. TEM micrographs of (a) as-cast LAs glass and LAS glasses heat treated at 725 °C for
(b) 1.5 h, (c} 2 h and (d) 4 h.

In contrast, heat treatment at higher temperatures does not allow as much control over
the crystallization behaviour. A fully crystalline microstructure always developed when
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the heat treatment temperature was above 750 °C, regardiess of the heat treatment time.
For example, as indicated in table 1, crystallization at 750 *C and 850 *C for four hours
generated samples comprised of S-quartz S8, whereas heat treatment at 950 °C and 1000 °C
for 4 hours produced fully crystalline S-spodumene §S.

3.2. NMR

Figure 4 (a)—(f) presents the 2Si NMR spectra for selected samples obtained during various
stages of the crystallization process. Although the powder XRD indicates the presence of
long-range lattice order after, say, 4 hours at 850 °C, the °Si NMR spectra reveal the
presence of an additional disorder, viz. the interchange of Al and Si atoms bonded to the O
atoms of the SiQO4 tetrahedra (i.e. second-nearest neighbours of the central 8i atom). Since
Al and Si scatter x-rays almost identically the difference is not easily detected by XRD.
In silicate materials the bonding of the SiO4 groups can be denoted by their connectivity
and given the designation Q". For example, in a chain silicate such as c-spodumene the
local structural unit is denoted QZ, referring to the two Si atoms in the chain on either side
of the O atoms tetrahedrally bonded to the central Si. Similarly the local configuration
in a three-dimensional structural silicate is denoted Q* For aluminosilicates, in which
there is Al, Si interchange, additional distinctions need to be made to describe the second-
nearest-neighbour coordination shell around the Si of the SiO4 group. These are described
as Q*(mAl), where in a Q" arrangement, m of the possible » second-nearest-neighbour Si
have been replaced by Al. In a three-dimensional framework silicate there may be up to five,
Q%(0AL), Q*(1AD, ..., Q*4Al), such configurations. The power of *Si NMR is that not only
the main Q" configurations, but also the Q®(mAl) subconfigurations, are distinguishable by
their chemical shift [5].

In the natural mineral «-spodumene, a chain silicate, there is complete Al, Si ordering
with only one of the three Q*(mAl) configurations present in the #Si spectrum, which is
a single sharp line (see figure 4(a)); structural considerations indicate m = 1. In the glass
phase the many configurations present lead to a broad #Si line (figure 4(b)). The spectrum
recorded from the partially crystallized glass combines the broad line of the glass with the
Q*mAl) configurations of the S-quartz ss (figure 4(c)). In the B-quartz S phase there is
only one distinguishable (Al, Si) site [2], and all five Q*(mAl)} configurations are present
(figure 4(d)). A simulation of the peak areas was performed using the Bruker program
LINESIM. The population of the various m values (the I, distribution) is constrained by
Loewenstein’s rule for aluminosilicates from which one can derive equation (1) [15].

Si 4 m=4
[% = Z_,:[Iml/ Z_(j)[%mim]. (1)

The five-gaussian fit to the S-quartz S8 powder lineshape gives values of the relative
peak areas (I,,) of 4.5, 21.4, 38.6, 29.4 and 6.1 for the five peaks from left to right in figure
4(d). Knowing the Si:Al ratio (2:1) allows evaluation of the accuracy of Loewenstein’s
rule which for this case gives a value of 2.1:1 in good agreement. The I, values of the
B-quartz 55 phase component lines change slightly as the annealing temperature is raised
from 725 °C to 900 °C. In the B-spodumene $s phase there are two types of (Al, Si) site per
unit cell, with twice as many of one site as the other [3]. The observed 2Si spectrum for
the g-spodumene $$ phase is rather less well resolved than for the B-quartz 88 phase and
suggests that the five-line Q*(mAl) spectrum for each of the two sites nearly overlap but
with a small relative displacement (figure 4(e)). It is interesting to note the approximately
8 ppm displacement of the centre of gravity of the spectrum of the glass phase relative
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B5j

o spodumene + B spod. s.8.
{c held 3 hrs at 1000°C)

B spodumene s.5
(4 hrs at 850°C)

B quartz s.5.
{4 hrs at 850°C)

B quariz s.s + glass
(2 hrs at 725°C)

as cast glass

o spodurmtene

2 (mineral) Figure 4. 2’Si NMR spectra recorded from (a) a-

. . , . ) spodumene mineral, (b} as-cast glass, (¢} f-quartz

.;in I .éa ' 100 120 -j4p S5 + glass, (d) B-quartz 55, (¢) S-spedumene $s and
ppm (f) -spodumene + g-spodumene 5§,

to that of the S-quartz S5 phase; a smaller shift is observed for S-spodumene $5 phase.
A similar displacement has been noted for other lithium aluminium silicate systems [16].
Evidently the predominant Q*(mAl) configuration for the crystalline glass ceramic is not
the same as for the glass. The %°Si line from the Q? configuration in the chain silicate
o-spodumene is shifted relative to the spectra of the Q* configurations of the framework
silicas as might be expected. An order—disorder transformation occurs on annealing pure
e-spodumene mineral for 3 h at 1000 °C well below the melt temperature of 1600 °C. The
spectrum changes from one sharp resonance indicative of unique atomic positions to the
B-spodumene 85 structure in which random Si, Al atomic interchange occurs. This spectral
change is similar to that observed for the glass ceramic annealed above 900 °C (see figure
4(a), (e), (D).

The 27 Al NMR spectra shown in figure 5 (a)—(d) are less informative about the details
of the order—disorder processes occuiring in the glass, S-quartz 85 and S-spodumene SS
phases but do give a clear indication of the O coordination of the Al. The Al in a-
spodumene is octahedrally co-ordinated by O as indicated by the shift and shown by the x-
ray structure [17]. The structure in the spectrum (figure 5(a)) is due to a well defined nuclear
quadrupole interaction at all Al sites, i.e. from an atomically ordered crystal. The nuclear
quadrupole coupling constant for the 7 Al, derived from simulating the powder lineshape, is
approximately e2gQ/h (= C,) = 3.1 MHz with asymmetry parameter 77 = 0.97, agreeing
reasonably well with the published single-crystal values [18]. The chemical shift parameter
is & = 3.0 ppm, which does not seem to have been published. The line shape simulation
indicates the presence of a small amount of an Al-containing impurity phase in the o-
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ual

B spodumene s.s
{4 hrs at 950°C)

B quartz s.s.
{4 hirs at 850°C)

as cast glass

& spodumene

a {mineral}
L e e Figure 5. YAl nuR specira recorded from (a)
80 60 40 20 ] 20 e-spodumene mineral, (b) as-cast glass, (¢} 8-
ppm quarez 55 and (d) S-spodumene 55,
spodumene.

In the glass, B-quartz $$ and S-spodumene S5 phases derived from the melt or by
annealing &-spodumene, the Al is tetrahedrally coordinated by O. The * Al lineshape for
these phases is asymmetric and characteristic of a disordered system where there is a
distribution of (C,. 7) [19, 20], with a peak at approximately 51 ppm (figure 5(b)~(d}).
The distribution of (C,, 1) is caused principally by the random interchange of Al and
St in the second co-ordination shell around the central Al. The line shape for the glass
is very similar in shape and half-width to that for the 8-quartz 55 and S-spodumene SS
phases, which have ordered lattices, thereby indicating that (C,, ) is the main line shape
determinant.

3.3. PALS

Twelve samples were studied by PALS; they are listed in table 2 with the results from the
fitting program. The results are mean values for the number of spectra which could be
reasonably fitted with three free components; population standard deviations are given in
brackets. Six of the samples had four or fewer spectra reasonably fitted by the free three-
component fit. For these six samples, marked with an asterisk in table 2, the fitting routine
was rerun with the short lifetime t; fixed at the mean value of 1} calculated from the spectra
that did converge during the free fit.

As stated in the introduction, the lifetime spectra of inorganic glasses can typically
he modelled as the sum of two or three decaying exponentiais. For the case of a three-
compenent fit, the mean lifetime, 7,,, is calculated using equation (2):

Lot hn+t Lo
" L+h+ 5

2
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The mean lifetime, ©,, (with intensity of 100%}) is displayed in table 2. Identification of
the positron annihilation sites contributing to the mean lifetime is possible by comparison of
the lifetime values with those found in other glass and ceramic systems. The short lifetimes,
|, in table 2 can be attributed to free positrons annihilating in the bulk glass or ceramic
with a small contribution from pPs self-annihilation. It is interesting to note that the electron
densities at the annihilation sites of free positrons (t; = 207 £ 8 ps} are similar for the glass,
partially crystallized glasses and spodumene mineral. Previous PALS work by Hautojarvi
and Pajanne [9] on LAS glass reported two lifetime components for a Li;0~Al,0;-8i0;
malterial with composition ratio 2:1;7. The two-component fit gave 7 values ranging from
280 ps to 306 ps and 13 values varying from 680 ps to 890 ps as functions of heat treatment
at 600 °C which caused crystallization. The short-lifetime component (73, ;) was attributed
to the annihilation of free positrons. The trapped positron component (z2, [;} was tentatively
attributed to a positron—negative oxygen ion bound state in the glass phase, and the intensity
of this component, J;, decreased with increasing crystallinity. The composition of the LAS
glass in the work of Hautojarvi and Pajanne [9] is so different from that of the present
work that the differences in PALS results are not surprising. A study of lithium disilicate
glass and glass ceramics by James et al [21] reported three lifetime components (7; = 280~
300 ps, 1o = 590-630 ps, 13 = 1.7-2.3 ns). The study showed that J; was a linear function
of molar free volume {estimated from density) [21]. A positron study of glass ceramics
made by the devitrification of cordierite glass (13.3Mg0-32A1,04.52.78i0; - 2Ba0) [22]
reported two lifetime components: 71 = 330-370 ps, 1, = 530-880 ps. The study of
cordierite was performed as a function of temperature, and both components were sensitive
to crystallization (at the crystallization temperature). The short-lifetime component was
attributed to free positrons and pPs, and the longer-lifetime component was attributed to
oPs pickoff annihilation in free volume sites. The assignment of 1; to oPs pickoff in [22]
and to a positron—anion bound state in {9] gives an indication of the disagreement as to
the origin of the approximately 300-90C ps component in ionic solids [23]. It is postulated
that the second lifetime component in the present work is due to positron—oxygen bound
states or to positrons trapped at vacancy-type defects or interatomic gites. The second
lifetime component (12, I») in the as-cast glass and the partially crystallized samples is
13 = 0.430 £ 0.01 ns, whilst in the fully crystalline samples 72 = 0.350 £ 0.02 ns. The
decrease in T3 which is shown in figure 6 is indicative of the increase in local electron
density at the annihilation site due to improved packing (on crystallization). Most likely,
more than one annihilation mechanism contributes to the intermediate-lifetime component
(T2 = 330440 ps) in the present work, but a discussion of the PALS results in relation to the
packing of the glass ceramic seems reasonable as illustrated by the following comparison
of mean lifetime and density. However, it should be noted that PALS studies of cordierites
[22, 24] have attributed changes in the 300-500 ps component to Al, Si order processes.

The variation in the crystalline structure as a function of annealing temperature, B-
quartz 8§ or S-spodumene S8, has a minimal effect on molar volume and, hence, is not
expected to affect the PALS results. As mentioned in the introduction, the densities of these
two crystalline phases are similar; however, they are 33% less dense than the @-spodumene
crystalline phase. It is interesting to note that this variation in packing is similar to the
variation in mean [ifetime values in table 2 which shows a 33% increase in mean lifetime
commensurate with the change in density: 7, = 240 ps for e-spodumene, t,, = 318 ps for
B-spodumene 38 and 1, = 316-326 ps for S-quartz S§

The partially crystallized glasses contain an appreciable oPs pickoff component (f3 >
1%). In previous work on glasses and glass ceramics {22, 25] the oPs pickoff component
intensity has varied with molar volume during crystallization of glasses leading to the
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Figure 6. The second lifetime, t2, as a function
Time at 725°C (hrs) of heat treatment time at 725 *C.

postulate that this component is associated with the free volume of the system. According
to the free volume model [26] the value of 13 gives an indication of the mean size of the
free volume sites and that of I3 reflects the relative concentration of free volume [25,27].
Unlike the glasses in these previous studies, the as-cast glass in this work has a negligible
oPs pickoff component (I3 < 1%). As shown in figure 7, the PALS results indicate that the
oPs pickoff component intensity, I3, is sensitive to the nucleation and hence formation of
the glass ceramic. The as-cast glass and the fully crystalline samples exhibit negligible oPs
intensity, I3, whilst the partially crystallized samples show an increasing oPs intensity with
time at 725 °C up to 4 h. Hence correlation with the TEM observations in figure 3 indicates
that the oPs component is associated either with the nuclei/glass interface or with the nuclei
composition and structure. The potential of PALS to examine microstructural changes during
the processing of glass ceramics has been illustrated and will be investigated further in future
work.
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In nanocrystalline metal alloys, the intermediate PALS component (12 = 200400 ps)
has been used to follow interfacial free volume [28-31]. In Fe alloys [29], the PALS
measurement of nanovoids at the grain boundaries has been used to indicate the maximum
volume and minimum density for a particular grain size. The variation in nanovoid density
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at the interface (as measured by PALS) has been correlated with microhardness indicating
that not only grain size but also interface structure are important to mechanical properties
of nanocrystalline materials [28-31]. Nanohardness measurements of the LAS glass and
glass ceramics have been performed and have been published elsewhere [33]. Future PALS
studies of these glass ceramics will attempt to establish a causal relationship between the
PaLS indications of packing-related structure and the mechanical properties, similar to the
approach taken by Schaefer and co-workers [30-32] in PALS studies of nanocrystalline
metals.

4. Conclusion

Use of NMR, PALS, TEM and XRD to characterise the structure of glasses and glass
ceramics has highlighted the individual and combined strengths of these techniques. The
characterization of the effect of processing on structure and properties of LAS glass ceramics
prepared from natural spodumene mineral can aid fabrication technology for the production
of glass ceramics from this abundant raw material.
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