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The bulk (volume) crystallisation of Li,0-2SiO, (LS,) glasses with additions of 1, 2 and 5 mol
% P,05 (G1P, G2P and G5P) was investigated. In the G1P and G2P glasses heated at 454°C
metastable «’- and B’-LS, crystal phases formed initially and only stable LS, at later stages.
In G1P heated at 463 °C transmission electron microscopy (TEM) revealed particles (>2 pum)
of stable LS, but also smaller (<0.1 um) crystalline particles which were unstable under the
electron beam and could not be identified. Crystalline lithium orthophosphate (LizPO,4) was
detected by XRD and 3'P magic angle spinning nuclear magnetic resonance (MAS-NMR) in
both as-quenched and heat treated G5P but not in G1P and G2P. In G5P heated at 476 °C,
metastable o’-LS, phase initially formed and at later times stable LS. In as-quenched G5P,
a trace of lithium metasilicate (LS) was observed. LisPO, crystals were not detected in G5P
by TEM but a marked increase in nucleation rate due to P,Os addition was observed. 2°Si
MAS-NMR revealed amorphous Q? (LS) and Q* (SiO,) species in an average Q3 (LS,)
environment in the as-quenched glasses. Increased P,Og concentration caused a greater
degree of amorphous phase separation. 3'P MAS-NMR showed amorphous lithium
phosphate units in the as-quenched and nucleated G1P and G2P. The presence of
crystalline LizPO4 phase in glass G5P suggests that LizPO, crystals may act as sites for
heterogeneous nucleation of stable lithium disilicate. © 7999 Kluwer Academic Publishers

1. Introduction glass as a result of the,®s addition, leading to en-
The objective of this work was to investigate the effecthanced homogeneous nucleation of lithium disilicate
of small amounts (1-5 mol %) of,Ps on the crystalli-  [2, 3, 8].

sation behaviour of LO-2Si0, (LS;) glass and search ~ Studies [2, 3, 8-11] indicate that there is no marked
for the possible precipitation of 4O, nuclei prior to  direct connection between the presence of amorphous
equilibrium crystallisation. Lithium disilicate is a rela- phase separation and the crystal nucleation in these
tively simple composition for nucleation and crystalli- compositions and that crystal nucleation probably oc-
sation studies [1] and has been examined extensivelgurs in the lithia-rich matrix rather than preferentially
Previous research has been summarised by James [2, 8].the amorphous droplet interfaces. However, the en-
P,Os is an effective nucleation agentintheOi- SiO,  hanced phase separation on addin@$may be ex-
system [3, 4]. Pure LSglass has no tendency towards plained [8, 11] by molecular association betwees(Li
amorphous phase separation [5, 6], but with small adand BOs to form lithium phosphate groupings such
ditions of BOs phase separation will occur [7, 8]. The as LgPOy in the matrix phase. These groupings might
effect of the addition of small percentages e on  precipitate as submicroscopic crystal nuclei ofR®y
the crystallisation behaviour of L§lass has been stud- or a similar phase which would serve to heteroge-
ied, particularly in glasses containirg? mol % BOs  neously nucleate LiScrystals. Supporting this possi-
[7-12]. bility is the close match between the 3.588111) and
Previous studies [8-11] confirm that small (1-2.406A (140)spacings of POy and 3.5 (111) and
3 mol %) additions of FOs to LS, glass simultaneously 2.395A (002) spacings of LS[JCPDS card #17-447 &
induce amorphous phase separation and markedly irt5-760]. This would permit epitaxial growth. Evidence
crease the crystal nucleation rate. However, it is not yein favour of such a heterogeneous mechanism is given
clear [2, 3] whether the observed increase in crystal nuby Headley and Loehmann [13] who observed precipi-
cleation ratesl() with P,Os is due to (a) precipitation of tates of LiPOy crystals from a LiO-Al,03-SiO, based
LizPOy orasimilar phase [8, 9, 11] with subsequent het-glass after heat treatments in the range 800-1G00
erogeneous nucleation of lithium disilicate o0,  and demonstrated epitaxial growth of lithium disilicate
crystals or (b) a lowering of the interfacial free energyon the LgPO, using TEM. However, the temperatures
between the lithium disilicate crystals and surroundingused were high and no suchsPiO; phase has yet been
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observed experimentally in D-Si0O, glasses contain- However, the detailed phase transformation sequence

ing <3 mol % ROs, using XRD or TEM [2—4] forheat has not been fully elucidated. Therefore, a detailed

treatments in the range of temperatures (4502850 examination of as-quenched and nucleated 1, 2 and

where high crystal nucleation rates occur. 5 mol% ROs-doped LS glasses was carried out in
Some additives decrease viscosity and may causethe present study, using XRD, optical microscopy, TEM

decrease in the interfacial free energy of the nucleusand MAS-NMR.

glass interface [14]. The observed change in viscosity Recently, in a study of the early stages of crystallisa-

due to the inclusion of 1 mol %J®s, is too low to ac-  tion of alithium disilicate glass (without®®s addition)

count for the effect on the nucleation rate [15], although[25], two metastable crystalline phases, deneteahd

the reduction in the interfacial energy by addition of 8’-LS,, precipitated prior to crystallisation of stable

P,Os remains a distinct possibility. lithium disilicate in samples heat treated at 4&4for
Phillips and McMillan [7] explained their electrical 120 to 180 h. These metastable phas¢sguld be in-

resistivity measurement data on the basis that the adddexed in terms of a monoclinic symmetry aidwas

tion of P,Os increased the extent of two-phase separasimilar to stable L$) probably transformed to stable

tion and widens the range of phase-separable compodiS, after extended holds at 45&. The present study

tions. They suggested that phase separation favours theas also carried out to investigate if such metastable

formation of small crystals by causing a decrease irphases formed in glasses containin@padditions.

the crystal growth rate. McMillan also suggested that

the presence of amorphous phase separation@3-P

containing glasses may also indirectly assist nucleatio

since the Si@rich droplets prevent the coarsening of | jim disilicate (LS) glass (G1) and glasses of
nuclei[16] causing increased nucleation densities. Sucf hium disilicate composition with additions of 1, 2
processes would occur if the Si@ich phase hindered and 5 mol % of POs (G1P, G2P and G5P) were p1re-
the diffusion process necessary to permit coarsening gl .o q by melting 100 g batches of standard labora-

if P,Os were concentrated at the interface but again n ory reagent grade lithium carbonate, general purpose

evidence for this has been found [3]. reagent grade acid washed silica and lithium orthophos-
TEM of LS, glass with an addition of 3 mol %P5 a%e inga Pt-Rh-crucible at 1350-14Tfor 5 h irl?

revealed glass-in-glass phase separation in the form Qf,, oo tric furnace. To avoid violent reaction during
500A (d_|ameter) glqssy droplets angkin crystal.s uni- melting, the batches were sintered (before melting) for
formly dispersed at intervals of2m, although LiPQr 10 4t 1000C in a platinum container. Stirring was

was not reported [4]. carried out with a : :

. I . platinum blade for five hours to en-

ZQSI' MASf'NMR of lithium S|I|ca;e glasses has been g ;.o homogeneity. The melt was poured onto a steel

mostly performed on as-quenched Specimens Or Of|ate and rapidly quenched (in air) by pressing between
samples nucleated in a_I|m|ted time-temperature ranggyeq| plates to prevent crystallisation. For MAS-NMR
[17-20]. Good summaries of these studies are given by qjes, the same G1, G1P, G2P and G5P compositions
Kirkpatrick [21], Dupree and Holland [22], EMerson (ape 1) were melted butwith 0.05 mol % #@; added
et al. [23] and Stebbinet al. [24]. MAS-NMR data  , yeqyce9si relaxation time and the resulting compo-

of Dupreeet al. [17] showed tha_t the addition of 1 sitions were denoted by G1F, G1PF, G2PF and G5PF.
to 5 mol% ROs to LS;-glasses increased the poly- — g5mples £10x 10x 1.5 mn? pieces) were crys-
merisation of the silicate network by effective re- )jiseq by heattreatmentin atube furnace at45and
moval of the modifier (LT) cations (supporting the 51,56 for XRD studies. Heat treatment temperatures
earlier work [8, 11]) and fOs did not itself partic- \ore maintained constant to withiel °C. Preliminary
ipate in the network. MAS-NMR detected only one ,jcq| microscopy and TEM of G1P and G2P subjected

type .Of p_hosphorus_ site, similar to those irgFP_D4._ to nucleation treatments showed that crystals forming
Considering the ratio of alkali to network former [i.e.

(Li0)/(SiG, + P,0Os)] or the ratio of alkali to phospho-
rus (i.e. LbO/P,Os) reveals that the former ratio is1 ) . L
for 1 to 5 mol % BOs-concentrations. If 1§ cations TABLE | Nominaland anaI)_/sed (pyICPAES) _chemlcal compositions
. e of G1, G1P and G2P glasses; nominal composition for G5P glass
are assumed uniformly distributed throughout the net-
work, the association with phosphorus would be much Nominal Analysed
less than that observed [17]. Assuming lare com-
pletely associated with phosphorus for the latter ratio
then only LgPO, would be observed. Threetiasso- Gi1  sio, 6666  80.08 66.020.16  79.620.2
ciate with (PQ)3~ units in glass to produce an envi- Li,O 3333 1991 3394013  20.33:0.08
ronment like that in crystalline kPQy, implying that G1P SiQ  66.00 7785 66.86017  78.86:0.2

e : " Li,0 3300 19.36 322014  18.90:0.08
there is little interaction between them and the silica P,Os 100 279 0880007  2.240-0.02

network. This observation of PO, type unitsinLS  gop  sig 6533 7570 66.24017  76.75:0.2
glasses is indirect evidence thagPRiO, nuclei behave Li,O 32.66 1882 31.280.14  17.98:0.08
as nucleation sites for LL,S P,05 2.00 5.47 1.9%0.007 5.23:0.02

Most studies are consistent with the observation thaf>?  Si@ ~ 63.33  69.68 - -
P,Os increases nucleation rate, decreases growth rate '5'22005 351'5(? 1127 'gg’ _ B
and induces amorphous phase separation ingl&ss. ' '

9. Experimental

Oxide mol % wt % mol % wt %
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at 454°C were too small and highly electron/ion beam frequency of 71.525 MHz using a pulse length gi2
sensitive to be characterised. Therefore, for optical andnd delays of 1 to 64 s. THéP spectra were acquired
TEM studies heat treatments were performed at higheat 145.78 MHz with a pulse length of 3s and delay
temperatures (476 and 590 for G1P and G2P respec- of 1 s. Typically 100 Hz line broadening was applied to
tively) compared to 454C used for the fOs-free LS~ the spectra prior to Fourier transformation. The spectra
[G1] glass [25]. This produced large-{ «m) crystals  were referenced to tetramethylsilane or 858y as
which were observed using optical microscopy. G5Pappropriate.
samples also required higher heat treatment tempera-
tures (800C) to form~0.2 um crystals.
For XRD, the surface crystallised layers of as-quen-3. Results
ched and heat treated samples were removed befo@1, G1P and G2P glasses were transparent, with no
grinding the remainder to powder and scanning fronresidual batch, visible bubbles, streaks, colours or
10° to 60, at scanning speeds of 0.25 and 0)/28in,  opalescence as examined by eye. Chemical analysis
in a Philips diffractometer (with Gg,-radiation,A=  of G1, G1P and G2P by inductively coupled plasma
0.1541838 nm) at 50 kV and 30 mA. The diffractome- atomic emission spectroscopy (ICPAES) showed that
ter was calibrated with am-quartz standard sample. the nominal and analysed compositions were in close
Lithium disilicate crystals provided an internal stan- agreement (Table 1). Owing to its highep® con-
dard for calibration. centration glass G5P was opalescent due to amorphous
Standard TEM specimen preparation techniquephase separation in spite of rapid quenching [17].
were used involving grinding, polishing, dimpling, ion
thinning and carbon coating. A JEOL 200CX TEM op-
erating at 200 kV was used to examine the partially3.1. X-ray diffraction
crystallised samples. Lithium disilicate or single crystalFig. 1 shows XRD data from G1P heated at 464
Si were used as standards for the camera constapt ( After 50 h the trace suggested a completely amorphous
calibration where. is the electron wavelength ahdhe ~ sample while peaks due &6-LS; phase [25] emerged
camera length. For each crystal at least three selecteafter 116 h (Fig. 1a) increasing in intensity up to 212 h
area diffraction patterns (SADPs) were indexed and in{Fig. 1b).8’-LS, peaks emerged after 308 h (Fig. 1c).
terzonal angles calculated with an in-house computefheca’- andg’-LS; phases have been previously iden-
program [26]. To confirm pattern indexing and checktified in binary LS glasses at early and intermediate
for forbidden reflections, the “Diffract” program [27] stages of crystallisation at 45& [25]. Further increase
was used to simulate diffraction patterns. This struc4n heat treatment time caused a continuous decrease in
ture factor based computer package calculates interpldhe «’- and g’-LS; peak intensities with a subsequent
nar spacingsghk, from the input unit cell parameters, increase in the intensities of stabledy&aks (Fig. 1d),
crystal system and atomic co-ordinates. confirming the transformation of the former phases
NMR was carried out using a Bruker MSL 360 spec-into the latter with time as in the LbSglass without
trometer and Bruker 4 or 7 mm MAS probes. The rotorsP,Os [25].
were SiNy4 or ZrO, depending on the nucleus being XRD of G2P heated at 45€ showed that small
studied. MAS spectra were obtained f§8i and3!P  peaks due tar'-LS; phase appeared over the glassy
at spinning speeds of 3-5.5 kHz and 10 kHz respechump after 47 h (the traces for G2P are not shown),
tively to allow separation of the isotropic peaks fromi.e. much earlier than observed for G1P. XRD of G2P
the spinning sideband¥’Si spectra were acquired at a subjected to longer holds at 458, revealed decreased

6000 : P o— Alpha' LS2
b--eemeeeee B'-LS2
a Qeanmmceens Stable LS2
b'----------Peaks common between "a'" and "b"
>~ | B-erenanee- Peaks common between "'b" and o'
=
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Figure 1 XRD traces of G1P glass (3310-66SiQ-1P,0s) heat treated at 454 for (a) 116 h, (b) 212 h, (c) 308 h and (d) 551 h, showing the
presence o&’-, 8- and stable-Lg phases at the early, intermediate and later stages of crystallisation resped@ivalynged)
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Figure 1 (Continued)

a’-LS; peak intensities accompanied by the emergence’/g’-LS, phases disappeared with time and after 214
of peaks due t@’-LS,. Peaks due te’- and 8'-LS; h at 476°C only stable LS remained.

phases disappeared on further holds and stablevaS Most XRD peaks of as-quenched G5P glass matched
the only phase present after 551 h at 464indicating JCPDS card #15-760 for $#0s. The amorphous

its probable transformation from the metastable interhump on the XRD trace of the as-quenched G5P glass
mediatesa’- and p'-LS,. At 476°C o'-LS; was ob-  (Fig. 2a) showed it was mostly-©5%) amorphous. A
served after 9 h, and even after 24 h, although wittsmall peak at 2~ 26.86° (dnx = 3.319 A) was com-
lower peak intensities compared to those of stablg LS parable with the (111) stable lithium metasilicate (LS)
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Figure 2 XRD traces of G5P (31.66k0D-63.33SiQ-5P,05) (a) as-quenched glass and heated at°€7ér (b) 68 h and (c) 214 h, showing the
presence of I3POy, o’-LS;, LS and stable LSphases at various stages of crystallisation.

peak but other relevant peaks for this compound weran increase in the PO, peak intensities and two
missing. No significant crystallisation was observed inpeaks positioned atg2~ 20.86°(dhx = 4. 258A) and
G5P heated at 454 longer than 300 h so it was heated 26.62 (dnx = 3. 349A) matching thed-spacings 4. 28,
at 476°C. Sixty-eight hours hold at 47€, caused (100) and 3. 34R (101) for «-quartz (JCPDS card#
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Figure 3a Reflection optical micrograph of G1 heated 122 h at 4Z6Note the small number density .5 x 1013 m~—3) and large size+417 um)
of crystals compared to Fig. 3b.

Figure 3b Reflection optical micrograph of G1P heated 122 h at47,Gshowing a decrease in size3 um) and increase in crystal number density
(~5.43 x 10'6 m—3) due to 1 mol % added®s.

5-0490) emerged but other relevantjuartz peakswere 3.2, Optical and transmission

not detectable at this volume fraction (Fig. 2b). The electron microscopy

latter peak also matches the (114}LS, peak [25]. Reflection optical micrographs of G1 and G1P after
Currently we have no explanation for the 20.8@ak. 122 h at 476C are shown in Fig. 3a and b. From these
After 140 h (trace not shown), decreasg€el. S, peak  micrographs the number of crystals per unit volume
intensities were seen due to formation of stable.ll&  (N,) were estimated by standard stereological methods
this sample L4PO, and stable L& phases were both [1] and the nucleation rated ) calculated. Compar-
present. After 214 h, peaks due d6LS; phase had ing nucleation rates for GH2.16 x 10 m—3s1) and
nearly disappeared and3HQ, and stable L§were  G1P (~1.23x 10 m~3 s71) showed that I'” for G1P

the major phases (Fig. 2c) indicating probable transwas~570 times higher than that for G1. Nucleation
formation of the silicate phases to stable,LBith  rates were also estimated for the G1 and G1P glasses
time. at temperatures close to the corresponding maximum
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nucleation temperaturég,ax, (i.e. 454 and 500C re-  TABLE Il 29Sichemical shifts{+ 0.5 ppm) for the as-quenched and
spectively see [2]). In this casé™for G1P (~1.02 x heat treated G1PF, G2PF and G5PF samples

102 m~2 s71) was~5000 times higher than that for
G1 (~1.9 x 10° m~3 s71). It should be pointed out that

Sample Temperaturé¢) Time (h) ¢ Q3 Q*

these values are approximate only since no second stagetPF  Nil Nil —-90.6

development (growth) treatment was used, and proba* 454 93 —90.4 -108

bly significantly underestimate the true valuesMf ’ igg ‘gg-g —109.5

andl . However, they provide a useful qualitative com- . 500 924

parison, and clearly demonstrate the increadewith " " Nil 905

P,O5 addition, confirming earlier work [2]. " " 214 -75.3 —92.7 -110.1
TEM of G1P showed that addition 0§®sresultedin ~ ~ 600 6 —92.6

a significantly decreased size of the crystals for a giver®>PF 476 68 —754 -926 -1109

heat treatment time (i.e. a decreased crystal growth

rate), an increase in the number density of crystals and

decreased stability of the crystals in the electron beaniABLE 111 3'P chemical shiftsy+ 0.5 ppm) for GLPF and G2PF
Fig. 4a—c shows an ellipsoid-shaped cryst@lym in ~ Samples after various holds at 432

size and a corresponding SADP after 190 h at4B3  gample Time (h) & 5 5 84
The SADP was the [001] zone axis of stableLSpart

from the stable L&crystals, even smallex(Q.1 um)  G1PF Nil 106 0.2

particles were present which rapidly decomposed (of 282 106 02

dissolved) on exposure to the electron beam and could, 5%)6 1ff3 Of5 —159 —263

not be identified. However, the change in contrast of
these particles on tilting the specimen showed them to

be crystalline. Ten G1P samples nucleated at 454 anﬁ;l,g times at 454, 476 and 60C (depending on the
463°C for 50-475 h were extensively examined andcomposition). The corresponding chemical shifts are
images and SADPs were recorded at different orientasymmarised in Tables Il and 1A%Si spectra of glasses
tions. All the recordable SADPs were consistent withyyith no heat treatment are complex (Fig. 6) and contain
stable LS. N three distinct species?QQ® and ¢ (the superscript in-
TEM of G2P showed that the addition of 2 mol % gjcates the number of bridging oxygens). The observed
P20s resulted in a further decrease in the size of theyistribution would not be predicted by either the sta-
crystals for a given heat treatment (i.e. a further devjstical (unconstrained) or binary (constrained) models
crease in growth rate) and a further increase |r_1_the|but can be represented by a disproportionated binary
number. Since smaller crystals were more sensitive tQistribution in which some non-bridging oxygens have

electron beam damage, heat treatments at high tenfeen removed by interaction with phosphate units as
peratures%520°C) were required for G2P to produce described below:

larger crystals for observation in the TEM. In spite of 2 4

using the smallest possible condenser aperture and a 2Q° < Q*+Q @)
well-spread beam, it was not possible to control the ex-

tensive electron beam damage of these samples. Con- 6(Si-O” *Li) + P,Os <> 3(Si-O-Si)+ 2LisPOy
sequently, single crystals<Q.2 um in size) could not (2a)
be identified. However, general areaimages and SADPs

could be recorded. The interplanar spacings determined 4(Si-O™ Li) 4+ P,Os <> 2(Si-O-Si)+ LisP,0;
from the diffraction rings (recorded for G2P heated 50 (2b)
h at 520°C) were 5.45, 3.60, 2.88 and 1.84and were

closely comparable0.04 A) with the 5.43A (110),  Knowing the distribution of phosphate species (see be-
3.59A (111), 2.917A (200), and 1.83%A (202) of sta-  |ow), the quantities of non-bridging oxygens removed
ble LS. XRD of these samples revealed the presenc@ng the effect of the Q distribution can be calculated.
ofstable LS only. The spectra were fitted to a combination of isotropic
Thus an increase in heat treatment temperaturgeaks and spinning sidebands arising from different
caused an increase in the crystal size but no improvestryctural species. An example of such a fit is shown
ment in the stability of samples to electron irradiation. Fig. 8 for 29Sj in G2PF heated 146 h at 453.

Similarly the crystalline regions{0.2um in size) ob-  The percentages of each structural species are plotted
served in G5P heated 93 h at 8@were identified as  yersus time in Fig. 9 for th&Si and3!P in G2PF. This
stable LS crystals by the corresponding SADPs (e.9.shows that the relative amount of each Q type remains
Fig. 5a—c) but no l4gPO, was identified by TEM. constant for the first few hours of heat treatment, after
Thus TEM of G1P, G2P and G5P samples gave nQuhijch, although the quantities of@nd @ are scarcely
evidence of the occurrence of amorphous phase sepghanged, the amorphous @ replaced by crystalline
ration or precipitation of l§PO, (or a similar phase) 3 (denoted by @-X) and some crystalline &X is also

under the present experimental conditions. formed. The rate of formation of OX is rapid at first
but then decreases until the amount G£XQis almost
3.3. MAS-NMR constant. Thus transformation is not completed at this

The spectra fron?%Si and3'P, for G1PF, G2PF and temperature over the period used. Complete crystallisa-
G5PF are shown in Figs 6 and 7 for different heat-tion of the glass is achieved after 6 h at @0 Similar
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Figure 4 (a) BF TEM image, (b) a corresponding SADP solved in (c); a crystal observed in G1P after 190 h hold@t #68 SADP was indexed
as [001] for stable LS
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Figure 5 (a) BF TEM image, (b) corresponding SADP solved in (c); a crystalline region (indicated by pointer) observed in G5P-glass heated 93 h at
800°C. The SADP was indexed as [110] for stable,LS

4407



Ls2

0,
1% P,0, /\ 5% P,O;
: o
[ 2% P,0,
Hours at Hours at glass
urs af : ;
. *aseC ] » 454°C
[/ B GLASS
GLASS :
!B 93
03 : 476°C/68 hrs
282 4 : 146
: ! 336
336 :
450
408 :
L 476°C/480 hrs
-50

Intensity (arb)
intensity (arb)

Intensity (arb)

600C 6H
e 500 i
-100 -150 -50 -100 -150 -50 -100 -150
chemical shift (ppm) chemical shift (ppm) chemical shift (ppm)
(a) * (b) (c)

Figure 6 2°Si MAS-NMR spectra of (a) G1PF: as-quenched glass and heated #E464times (hours) indicated, (b) G2PF: as-quenched glass and
heated at 454C for times (hours) indicated and at 600 for 6 h and (c) G5PF: as-quenched glass and heated &CAf8 68 and 480 h.
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Figure 7 3P MAS-NMR spectra of (a) G1PF, (b) G2PF and (c) G5PF. G1PF and G2PF traces for as-quenched glasses and glasses Heated at 454
for times (hours) indicated. G5PF (c) heated for 68 h at47.6

trends were observed for each?-concentration but 4. Discussion

with changes occurring at progressively shorter timesXRD of the phosphate containing compositions G1P
as the concentration of,Bs increases. This is illus- and G2P after heat treatments at 454 and °47 ée-
trated in Fig. 10 where the amount of :$ ®rmed is  vealed volume crystallisation of the same metastable
plotted against time at temperature for glasses with Ophasesx’- and 8/-LS, previously found in the early

2 and 5mol % ROs. It can be seen that the induction stages of crystallisation of the binary lithium disilicate
period for crystal growth decreases with@3 content  (LS,) glass after extended heat treatments at°454

(0 and 2mol % POs glasses heated at 458) and is  (the LS glass was denoted by G1 in the previous pa-
effectively absent in the 5 mol %Bs samples (heated per[25]). The XRD observations in G1P and G2P were
at476°C). similar to those in G1 except that the phases appeared
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A metastable phases (an increase in nucleation rate of
[ the stable LS phase was observed in previous work
[2]). Evidence of metastable phase formation (includ-
ing possible lithium metasilicate formation) was also
found in the G5P (5 mol % f®s addition) glass.

As in the previous study [25] the presence of the
metastable phases observed by XRD could not be
confirmed by selected area diffraction in the TEM
(although fine crystals were observed by TEM) because
of the extreme sensitivity of these phases to the elec-
tron beam. Only the equilibrium lithium disilicate phase
70 -80 90  -100 -110  -120 was identified after long heat treatments at 464nd

chemical shift (ppm) above. It has not been possible, therefore, to elucidate
the influence of the metastable phases on the crystalli-

146 h at 454C). Only the isotropic peaks are shown here but fitting is sation of the equnlbrlum Lipin these phOSphate con-

also applied to the spinning sidebands to obtain the relative amounts J@.nmg glasses orin Gl [25]' There '$ so far no direct
each species (after [31]). evidence for heterogeneous nucleation of stablg LS

on the metastable phases, or that the latter definitely
transform with time to stable LS Since these precur-
sor phases have only been observed for extremely long
heat treatments at temperatures near the glass transfor
mation temperature they may have little or no influence
on the later stage nucleation and crystallisation pro-
cesses including the appearance of stabledt®igher
temperatures. Further experimental work may resolve

Q3 glass;é | Q3 crystal

Intensity

Figure 8 Example of the fitting of a typic&°Si spectrum (G2PF heated

- Qs 2% P,0,
#si Q units

% 30

o these questions.
i Q2 3 Optical microscopy studies of the Llass (G1)
or I\I/";Qs crys 5 and G1P clearly showed that addition af02 caused

P R —— 7 E "I Q2 crys . anincrease in the number of stablelcBystals for heat

0 160 200 300 400 560 treatment at 47BC_, i.e. an increas_,e in th(_e nucleation
hours at 454°C rate of this phase, in agreement with previous work [2].
@ Also from the difference in average crystal sizes, the
crystal growth rate at 478C in G1P was smaller than
in G1, indicating a larger viscosity in G1P, again in
agreement with previous studies [4, 11].
2% P,O; The apparent morphology of crystals observed by
80 ®_ ortho TEM in G1P after 190 h at 463 was approximately
ellipsoid-shaped and the ratio of dimensions alongthe
andbaxeswasabout2: 1, whichis smallerthanthe 4:1
604 = = observed in G1 after 120 h at 452 [25], indicating
that addition of ROs changed the crystal morphology.
A schematic diagram of these morphologiesis shownin
L2 Fig. 11. Lithium disilicate has a layer type structure [28]
pyro in which the corrugated sheets of,&5 composition
3 parallel to (010) are linked by L'i Consequently the
bonding between layers is expected to be weaker than
20- 5 the bonding within layers. This gives rise to a marked
anisotropy in surface energy as a function of crystallo-
graphic orientation and therefore a higlaeb ratio in
the binary LS glass [29, 30]. The decrease in ratio on
. . . . adding BOs indicates that the crystal/liquid interfacial
0 100 200 300 400 energy has been altered as a function of crystallographic
orientation and has become more isotropic, but it is not
possible to say if the average value has decreased or
(b) increased.
Figure 9 Variation of the relative amounts of different (a) Q species and An I.mportant resuit of the present work yvas the ob-
(b) phosphate units in G2PF with time at 4%2. Lines are drawn to servation from XRD ofthe presence OfS)EO4 inthe as-
guide the eye (after [31]). guenched G5P glass, indicating thagfeO, was precip-
itated on cooling in this glass. Heat treatment at 426
after different times. This can be attributed to a combi-led to further crystallisation of kPO, and formation
nation of two effects of fOs addition, namely an in- of metastabler’-LS,, prior to formation of stable LS
crease inviscosity (as observed by Matusita and Tashirdhis observation suggests thatzRO, crystals may
[4]) and a possible alteration in nucleation rates of thébe acting as heterogeneous nucleation sites for stable
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Figure 10 Percentage of silicon present as crystalling &S a function of heat treatment time for glasses of differe@sRontents. G1F and G2PF
glasses were heat treated at 464and G5PF glass heat treated at 4Z6 Approximate induction times{ to onset of crystallisation are indicated

for G1F and G2PF.
[010] x noticeably broader than that from the phase formed at
[100] 600°C although the XRD pattern is identical. This im-
plies that the?®Si in the 454 C LS, phase has a range
of very similar environments which become identical
Zone axis [001] at higher temperature. It is possible that the metastable
LS, phase observed in the earlier stages by XRD con-
tains a range of°Si environments which is even wider
and the resulting resonance is both broad and coinci-
[010] [100] dent with the amorphousi@eak and therefore difficult
GI1P to detect.
In addition to the change in the intensities of some
of the @' resonances, there is also a progressive shift
Zone axis [001] in the position of the & peak from that expected for
Q* surrounded by &to that for ¢ surrounded by ¢
(Fig. 6). This indicates that glass-in-glass phase sepa-
ration is occurring to produce a droplet phase which is
LS, and would explain the enhanced nucleation ratesargely amorphous silica. This is further supported by
observed on addition of®s. Although no L§PO, or  the change in the relaxation time of thé @sonance.
phosphate containing phase, was detected in G1P artthis increases with increasing time at 4&4and indi-
G2P prior to LS crystallisation, this may be accounted cates that the Fe, included in the composition to de-
for by the volume fraction of these phases being toccrease the relaxation time 61Si, is segregating from
low to be detected by XRD in G1P and G2P, whichthe droplet silica phase into the lithium silicate matrix.
only contained 1 and 2 mol %P5 respectively. Infact itis extremely likely that amorphous phase sepa-

However, no L§POy crystals could be observed by ration was present after heat treatment of G1P, G2P and
TEM in G1P, G2P and G5P. As mentioned previously,G5P based on similar compositions in previous work
fine crystalline particles<€0.1 um) possibly of the [2, 4, 7, 11]. The reasons for failure to observe phase
metastablex’-LS, phase were detected by TEM but separation by TEM in the present work is probably the
identification was impossible due to their rapid decom-extremely fine size of the droplets for the relatively low
position. A similar explanation may apply for the non- heat treatment temperatures used and the poor contrast
observation by TEM of LlgPOy, although detected by of the droplets in the ion beam thinned specimens com-
XRD in G5P glass. These tiny particles may be associpared to the chemically thinned (etched) samples used
ated with the Li-P units detected by MAS-NMR. by James and McMillan [8].

As revealed by MAS-NMR, the relative proportion  As stated in Section 3.3, the phosphate units formed
of the @-X does not appear to agree with that expectedare associated with some of thefLions in the glass
from the XRD study and the species were detected sigto give orthophosphate (4PQy) units at 97 + 0.3 ppm
nificantly later than that by XRD. Two possible reasonsand pyrophosphate (4#,0) units at 00+ 0.2 ppm.
for this are (a) the glasses were prepared as differems time at temperature (43€) is increased, there is a
batches with that for NMR having 0.05 mol %42  change in the relative proportions of the two units and
added-thus there may be small compositional and theialso the formation of two types of metaphosphate units
mal history differences between the two sets of glassesyith different chain lengths, at17.94-0.2 ppm and
(b) the G-X peak formed after long times at 45@ is  —28.3+ 0.2 ppm (Fig. 9b). At this temperature there is

G1

Figure 11 Schematic of the observed crystal morphologies in G1 and
G1P, showing slower growth along [100] due to 1 mol ¥©R addition.
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no evidence of crystalline POy, the phase which has Acknowledgement
been suggested to form heterogeneous nucleation sit&ge wish to thank Elsevier Science for permission to

for stable LS, in the 1 or 2 mol % FOs materials but
there is crystalline PO, in the 5 mol % BOs glass,

reproduce figures 3(b), 5 and 6(b) from Hollagtdal.
Journal of non-crystalline solidd32—234(1998) 140

i.e.itis formed on cooling of the meltin agreement with (see Ref. [31] below).

XRD (Fig. 2a). There is some crystalline phosphate at
600°C butitis the metaphosphate crystal which forms.

The start of the change in the population of phOSphat?{eferences
species corresponds to the time when crystallisation ofy 5 ¢ jamEes, Phys. Chem. Glassas(4) (1974) 95.

the silicate network becomes apparent. The formationa.
of LS, depletes the glass phase oftLwhich is then
replenished by removal from the phosphate ions and
leads to their repolymerisation, giving extra pyrophos- 3
phate and metaphosphate. 4

5.
5. Summary and conclusions

(1) XRD of lithium disilicate glasses containing2
mol % P.Os heated at 454C for various times indi-
cated formation of metastabdé- andg’-LS, phases at
early and intermediate stages of crystallisation and their
probable transformation to stable 4 &t later stages.
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