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Abstract. The precipitation kinetics of nucleating agents in technical lithium aluminosilicate
(LAS) glass-ceramics is challenging to determine in laboratory practice due to the low content
of about 3 wt%. Therefore, isothermal heat treatment series in the temperature range 750-820
°C with simultaneous recording of Raman spectra were carried out, which revealed a two-fold
crystallisation process. In the first stage, an increase in oxygen coordination of Ti** from 4 and
5 to 6 is indicated, which was assigned to a liquid-liquid phase separation, while in the second
stage ordering of the short range led to crystallisation of TiO2(B) and anatase in the demixed
domains. Using a sectional JMAK analysis of the temporally decoupled process, a stationary
nucleation mechanism with no detectable growth is proposed for the first stage, while the sec-
ond stage led to almost no change in volume fraction over time.
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1. Introduction

Lithium aluminium silicate (LAS) glass ceramics have been thoroughly examined, as there is
a wealth of technical products with low thermal expansion that are manufactured from this
composition [1], [2], [3]. For the LAS system, the classical production route predominates,
which can be divided into hot forming of the melt and the subsequent ceramisation of the
formed glass by heat treatment [4]. The latter leads to the crystallisation of functional phases
with anisotropic negative thermal expansion (quartz solid solutions (Qz-ss) and keatite solid
solutions (Kea-ss) [5]) in the volume of the glass; because of the residual glass phase with
positive thermal expansion, the overall thermal expansion of the crystallised material balances
to zero. In order to trigger the crystallisation of Qz-ss inside the glass, so-called nucleating
agents (or seed formers) are added to the batch, whose task is to provide an active site for
heterogeneous nucleation of Qz-ss by early precipitation during ceramisation. As the amount
of nucleating agents in the batch is relatively low (usually about 3% by weight) and the size of
the crystallites formed from them during ceramisation rarely exceeds 4 nm [6], it is technically
challenging to determine their precipitation kinetics using conventional laboratory analytics
such as X-ray diffraction alone. Thus, Kleebusch et al. [7] combined XRD analysis with trans-
mission electron microscopy (TEM) to study the precipitation of Zri«Ti1+xO4 in a LAS glass
using the nucleating agents TiO2 and ZrO; in concentrations of 2.1 and 0.9 mol %, respectively.
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In particular, TEM has been used for advanced analyses to directly reveal the formation and
nature of the seed forming crystals at the nanoscale [6], [8], [9].

At the macroscale, the properties of the glass that change due to the precipitation of seed
former crystallites, such as optical transmittance [10], glass transition temperature and viscos-
ity [11], were determined to provide an indication of the kinetics of this process. Recently, the
relationship between the rheological and calorimetric response of glass has been of particular
interest, as nanocrystallites play an important role not only in technical glass-ceramics, but
also in natural melts where they are expected to drive explosive volcanism [12], [13], [14], [15].
Thus, the changes associated with the precipitation of the nanocrystallites can be indirectly
determined, since the effective viscosity is fed by the steric effects of the suspended rigid par-
ticles and the changing chemical composition of the liquid matrix, while the caloric glass tran-
sition temperature only reflects the relaxation of the liquid matrix. In this context, it became
clear that Raman spectroscopy is capable of detecting the short-range-order structure around
seed formers cations during ceramisation conditions with high sensitivity [11], which is also
confirmed by former studies of Alekseeva et al. [16], [17], [18], [19], [20], [21], Champagnon et
al. [22], Zhilin et al., [23], Sprengard [24] and Gabel et al. [25] on the early phase transfor-
mations in LAS glasses seeded by TiO2 and ZrO.. In TiOz-nucleated LAS glasses, it was found
that the polymorph TiO2(B), whose structural arrangement is more similar to the glass struc-
ture, is initially formed and subsequently transforms into anatase with increasing ceramisation
time or temperature according to the Ostwald step rule [26]. It was also shown that the precip-
itation is preceded by a change in the oxygen coordination of the Ti** cations, which was re-
lated to demixing at the nanoscale [6], [9], [11], [16], [17], [20], [21], [24], [25]. However, there
are only a few kinetic analyses of these processes, and further research is needed to provide
a more comprehensive overview of the subject. Sprengard [24] found an Avrami coefficient of
1+ 0.15in a 1Li,0-1Al.05-6SiO; glass with 4 mol% TiO- for the change of the Ti** coordination
from tetrahedral to octahedral (demixing) using data of deconvoluted Raman spectra from
stopped ceramisation samples with molar concentration factors for the fraction at around 900
cm. Donfeu Tchana et al. [10] determined an Avrami coefficient of 1.3, which results from the
change in optical extinction at room temperature after stopping the ceramisation for different
times, while Hoche et al. [6] used a combination of transmission electron microscopy with X-
ray absorption near-edge structure spectroscopy to determine an Avrami coefficient of 1 for
the formation of liquid-liquid phase separation droplets preceding the crystallisation of the seed
former. The experiments in the latter two studies were also carried out at room temperature
with samples in which the ceramisation process was stopped, and thus no experimental in situ
data are yet available.

Against this background, the isothermal precipitation of the nucleating agent in LAS glass
is investigated in situ using Raman spectroscopy and a heating stage. In order to be able to
draw conclusions about the mechanism involved, the precipitation processes are simulated on
the basis of a dual Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation to enable a continuous
description of the process.

2. Experimental

2.1 Glass preparation

A glass of lithium aluminosilicate (LAS) composition close to the stoichiometry
0.5Li20-0.25(Zn,Mg)0O-1Al,03-5.7SiO2 with 0.4 ZrO; + 3.2 TiO2 mol% was melted at Schott AG
Mainz. The base glass composition, but with different molar content of zirconia (0.9) and titania
(2.2), was previously studied in detail with regard to seed formation [8], [10] and the subse-
quent crystallisation of the functional Qz-ss [27]. Kleebusch et al. also used the same LAS
base glass composition for their TEM analysis of the initial phase separation and subsequent
crystallisation of TiO2 polymorphs, but with 5 mol% TiO2 and no ZrO; [9].
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2.2 Thermal analysis

Differential scanning calorimetry (DSC 404 F1 Pegasus, Netzsch, Selb, Germany) was carried
out in a lidded PtRh20 at 10 K min"' with N2 gas purge to identify the temperature range of the
nucleation agent precipitation using a 4.5 x 4.5 mm? platelet (=30 mg) that was prepared from
the untreated glass by grinding it to 1 mm thickness.

2.3 Raman Spectroscopy

Changes in the short-range order around the seed former cation Ti** were studied by Raman
spectroscopy (WITec Alpha300, Ulm Germany) during an isothermal treatment (Linkam
TS1500 heating stage) at 750, 770, 790, 800 and 820 °C for up to 200 min. An untreated glass
platelet was heated at 30 K min™ to T,-50 K (with T = target temperature), then at 10 K min-!
to Tx-30 K and then at 5 K min™ to T, before Raman spectra (20-3000 cm™) using a ray shield
coupler were recorded (10x objective) every 2 minutes using a frequency-doubled Nd/YAG
laser (532 nm) of nominal 25 mW as the incident light source, with a total measurement time
of 120 s (6 accumulations with 20 s integration time) and a grating of 600 g mm (1200 cm"*
mean wavenumber).

To visualise the structural changes in their entirety, another platelet was heat-treated in a
muffle furnace at 790 °C for 40 min, and Raman analysis was performed at room temperature
before and after the heat treatment.

All Raman spectra were background corrected for the intensity at 2000-2500 cm™ and
normalised by setting the remaining total intensity to one. For better comparison and to avoid
plots with y-offset, all spectra were normalised in a second step to the main Raman band of
the amorphous aluminosilicate network, i.e. to the value at 451 cm™ [11].

2.4 Kinetic analysis

For the kinetic analysis it was assumed that the first-order phase transition of TiO precipitation
obeys the Johnson-Mehl-Avrami-Kolmogorov (JMAK) formalisation, i.e. the time dependence
of the volume conversion is described by an S-shaped (sigmoidal) curve for which the following
applies:

F(t)=1—exp [— G)n] (1)

where F is the converted volume fraction at time {, T is the characteristic time for the phase
transition and n is the Avrami coefficient. The reaction rate is K = (n/T)(t/f)™", for n = 1 this
results in K = 1. Formally, Eq. (1) for n < 1 (n > 1) is identical to a stretched (compressed)
exponential function of the Kohlrausch-Williams-Watt (KWW) type and equal to a 2-parameter
Weibull distribution function where n is the shape parameter and 1 is the scale parameter. All
three have in common that an analysis after the transformation of the coordinates x = In(t) and
y = In(-In(1-F)) is advantageous in order to determine 1 and n from the intercept and the slope.
Since it is necessary to analyse the decrease in relative intensity R = /() / I(t = 0) of the band
at 886.3 cm™ (as shown in the results section), R = 1 - F was set.

This leads to linearisation in the JMAK coordinates:

y() =n(x - In(1)) (2)

If a tangent for x — 0 is applied to the data and this slope cannot describe the entire data
range as they form a convex function, a second segment must be added after a certain period.
A solution to the problem was introduced by Jaing and Murthy [28] for reliability modeling in-
volving two Weibull distributions. In their sectional model, the second Weilbull distribution is
formulated with three parameters [28]:
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where y is the position parameter, which determines the time at which the second distribution
begins. In order to fit Egs. (3—4) to the data, a transformation into JMAK coordinates was car-

ried out [28]:

_(nq[x = In(z1)], —oo < x < In(ty)
y() = {n: [In(e* —;/) — In(t,)], In(ty) <x < go ()
with
ty = [T?l (:_j /Tz)nz]m (6)
and
r=(1-2)t (7)

which reduces the number of independent parameters from 6 to 4. Egs. (5—7) demands that
ny > ny (convex curve) to ensure y > 0 and f, - y > 0. Jaing and Murthy [28] showed that for n4
= ny, one obtains y = 0 and 11 = T2. For this case R(t) reduces to a single Weibull distribution
and, thus,n1 > n. is required.

The JMAK theory requires a conversion of the entire volume. It is therefore necessary to
define a final value of R at which the conversion is complete. For this purpose, the following
function was used

— Rt—Reo

M= Ro—Roo (8)

where Ry, R: and R- are the relative intensities for zero (0), partial (), and for the complete (=)
conversion. As the value of R for a complete conversion is not known, two limits were consid-
ered here. A lower limit is the assumption that the conversion is completed at R = 0. Eq. (8) is
then simplified with R- = 0 to M = R; /Ry = R. An upper limit is obtained by assuming that the
conversion is complete at R > 0 and therefore the lowest measured value of R was analysed
(R~ = 0.7 for the band at 886.3 cm™', see Section 3). It should be noted that the choice of R.
only shifts the characteristic times 11 and 12, while the Avrami coefficients ny and n, remain
unchanged.

3. Results

Figure 1 shows that the glass transition (Ty) starts at = 670 °C, while the peak of precipitation
of the seed former (T,) is at 810 °C and that of the crystallisation of Qz-ss (7,) at 854 °C. More
precisely, the exothermic signal of the seed former precipitation spans from 745 to 820 °C,
which limits the range of isothermal precipitation investigated in subsequent Raman measure-
ments.
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Figure 1. DSC upscan of the untreated LAS glass at 10 K min-'. For clarity, the thermal ranges of the
glass transition, seed formation and crystallisation of the quartz solid solution crystals (Qz-ss) are col-
oured blue, green and orange.

Figure 2 compares the normalised Raman intensity at room temperature before and after
a heat treatment at 790 °C for 40 min. The main changes are the decrease of the broad band
centred around 900 cm™ (blue arrow pointing down) and the appearance of a sharp band
around 150 cm™" (blue arrow pointing up). The former is attributed to the loss of Ti** ions (900
cm™ [11], [26]) and Zr** (950 cm™ [29]) located in low-coordinated oxygen environments (typi-
cally 4- and 5-fold for Ti** and 6-fold for Zr**) within the glass network [11], [26], [29], while the
latter detects the increase of Ti** (and Zr**) in octahedral oxygen coordination within a non-
silicate environment, which is associated with the crystallisation of the seed former poly-
morph(s). Note that bands of Qz-ss are still missing, i.e. in the typical sequence of thermal
ceramisation steps of a glass-ceramic production, the sample is ‘nucleated’ after 40 min at 790
°C (precipitation of the nucleating agent) but not yet ‘crystallised’ (absence of functional crys-
tals).
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Figure 2. Raman intensity at room temperature of the LAS glass before (black curve) and after (red
curve) heat treatment at 790 °C for 40 minutes. The intensity was normalised to the intensity at 451
cm? (dashed black line). The blue arrows emphasise the most important changes. The small peak (*)
at 95 cm' is due to parasitic intensity of the corundum support used.

Figure 3 shows that the state of a nucleated glass was also obtained during isothermal
dwelling at 750, 770, 790 and 800 °C (up to 200 min), while the sample at 820 °C already
shows the signature of a glass-ceramic, i.e. the crystallisation of the functional Qz-ss with a
relatively sharp Raman band at = 465 cm is clear. Note that due to the increasing Qz-ss band,
the normalisation of the intensity for this sample at 424.5 cm™ was performed differently, which
led to a crossing point at 825.6 cm™ as with the other 4 isothermal samples and thus ensured
its comparability.
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Figure 3. Normalised Raman intensity measured in situ at the start (black line) and end (red line) of an
isothermal hold at 750, 770, 790, 800, and 820 °C.

In the following JMAK analysis to determine Avrami coefficients and characteristic times
will be based on relative Raman intensities at 886.3 cm™ and 150—-160 cm', which were renor-
malised to the intensity maximum at 451 cm™ after normalising the spectrum to the total area.
Since it is obvious that the effective cross sections of the Raman spectra of glass and crystal
are different, normalisation to 451 cm™ is only applicable if the precipitated crystalline volume
is insignificant, so as not to create an artefact through this normalisation. This seems to apply
for the nucleated but not yet crystallised glass-ceramics at 750, 770, 790, 800 °C after 100 or
200 min (see Fig. 3) as the total crystal volume is low (up to ~3 vol%). However, after 100 min
at 820 °C, this condition no longer appears to apply, resulting in a deviation from the initial
intensities near the normalisation frequency at 451 cm™ and near the crossover frequency
825.6 cm™.

Figure 4 compares in detail the normalised Raman intensity in the two relevant frequency
ranges, which were collected in situ at 800 °C every 2 min up to 200 min in detail. Part (A)
shows that TiO2(B) (= 120 cm™' [26]) together with anatase (= 150 cm™ [26]) are precipitating
from the undercooled melt. Since the amount of zirconium cations in the base glass is not
negligible and both crystal structures are quite flexible in terms of doping (anatase can incor-
porate Zr** in up to 7-9 % of the cationic positions [30], [31]), it cannot be ruled out that Zr**
will also be incorporated into TiO2(B) and anatase solid solutions (TiO2(B)-ss and Ant-ss). The
characteristic bands of these two polymorphs appear after approximately 60 min (turquoise
curves), while their intensity ratio decreases with time in favour of Ant-ss. Part (B) shows how
the band of the lower coordinated Ti** ions in the glass network decreases with time. For the
onset of the TiO2(B)-ss and Ant-ss precipitation, the intensity of the band with the peak at 886.3
cm is already relatively low (turquoise curves) and for longer times it hardly changes. Conse-
quently, the change in coordination appears to occur mainly while the sample is still amor-
phous, indicating liquid-liquid phase separation on the nanoscale as the initial process. To
shed light on this sequence, the relative intensity Rsse3 = lsss.3(t) / lsse.3(t = 0) was further ana-
lysed.
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Figure 4. (A) Normalised Raman intensity in the low frequency range (110-170 cm-') with the charac-
teristic bands of TiO»(B)-ss and Ant-ss and (B) in the mid frequency range (650—1140 cm) at 800 °C.
Rainbow colour coding from violet (0 min) to dark red (200 min).

Figure 5 shows Rgss.3 as a function of time. Rainbow colour coding is used to allow a better
comparison with the previous spectra. The turquoise coloured dots at about 60 min mark a
clear change from a steeper slope of the initial amorphous phase separation to a flatter slope
when characteristic bands develop in the low frequency range due to the ordering of the crys-
talline domains of the polymorphs. The scatter of the data is also larger in the second region.
Rsse.3 was transformed into JMAK coordinates to linearise the dependence (see inset of part
A). A convex function is obtained, which confirmed that amorphous phase separation and crys-
tal formation are temporally decoupled and the sectional model of Eq. (5) was applied. To
determine the kinetic parameters, the tangent R, was first fitted to the data for x — 0. A second
tangent R» for x — « was then applied and the intercept was adjusted so that Eq. (5) matches
the data. If R. = 0.7 is the upper limit for complete precipitation (resulting in My and M., as
illustrated in Eq. (8)), only the ordinate shifts in JMAK coordinates, i.e. the slopes (Avrami
coefficients ny and nz) in the two parts remain constant (see part (B) of Figure 5).
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Figure 5. (A) Relative Raman intensity Rgss.3 as a function of time at 800 °C and In(-In(Rsss.3)) versus
In(t) (inset) with rainbow colour coding of the data points. Dotted lines are tangents fitted to the data for
x — 0 (Ry1) and x — « (R3), while the red line is the fit of Eq. (5) to the full data set. (B) Comparison of
the relative Raman intensity in JMAK coordinates for R. = 0 (red line) and R~ = 0.7 (blue line) specify-
ing R1, R2> and My, M2 as well as to, i.e. the point in time at which the second part becomes effective.

Figure 6 shows analyses for all isothermal heat treatments in this study. The left black
ordinate represents the lower limit of R., meaning the precipitation is complete at R = 0. The
right blue ordinate shows the upper limit of R, assuming the precipitation is complete at R =
0.7. For the latter, the axis is scaled using M values (Eq. 8) while for the former R was kept (as
M = R). Both scales clearly show that the processes run faster with increasing temperature,
i.e. Ress3 (Msss.3) becomes smaller for a given value of time. Thus, the characteristic time of
first part (related to the amorphous phase separation) decreases from 24709 to 4996 s for
Rsss.3 and from 4943 to 1381 s for Msss.3, which leads to an increase in the conversion rate K.
The second part of the process, which is associated with the coordination change during the
formation of a crystalline short-range order in the demixed domains, is slower (by 2—3 orders
of magnitude) and relatively constant (1 is in the range (2.2-8.8) x 108 s) with exception of the
value at 820 K when R. = 0 is used. Conversely, if R. = 0.7 is utilised (i.e. Msss.3), the process
appears to be shorter than the first part, with times ranging from 111 to 2980 s (again, except
for the value at 820 K). The Avrami coefficients are in the range 0.87-1.15 for the first and
0.17-0.22 for the second stage (Table 1). It can be stated that the characteristic time 12 for R-
= 0 at 750-800 °C with (2.2-8.8) x 10° s (i.e. 25—103 days), is not only significantly longer than
the experimentally observed time for the precipitation of the nucleating agent, but also signifi-
cantly longer than the total time required for the development of the final glass-ceramic micro-
structure, so that the lower limit (R~ = 0) is therefore no longer taken into account in the follow-
ing. The exclusion of the lower limit is further supported by the fact that at 820 °C, 100 min (i.e.
1.7 h) was already sufficient to start the latter process (precipitation of Qz-ss), as shown in Fig.
5). Further, it is assumed that the unusual value of 12 at 820 °C is influenced by the substantial
increase in crystal volume due to the crystallisation of the aluminosilicate matrix, as explained
above.

211



Streichert et al. | Glass Europe 3 (2025)

1.0
0.5
o s
0.0
06 ..... losaos Lissos [ | I Lisons Lisoos [ | I losass Lisaos [ | logass losass [ | I losass lossos [
60 120180 60 120180 60 120180 60 120180 60 120180
t (min) t (min) t (min) t (min) t (min)

Figure 6. Relative Raman intensities Rsss.3 as a function of time at 750, 770, 790, 800 and 820 °C.
The red line is the fit of Eq. (5) to the data using R~ = 0. The right ordinate (blue) is scaled using Msse.3
values for R. = 0.7.

Table 1. Parameters of Eq. (5) used to fit the data.

Glass sample 750 ° 770 °C 790 ° 800 °C 820 °C
N 0.87 0.92 0.96 1.15 0.91
T1(s)for R-=0 24709 16424 15297 9073 4996
11 (s) for R- = 0.7 4943 3665 3206 2981 1381
nz 0.2 0.22 0.17 0.22 0.21
T2(s)for R-.=0 8886111 5150197 | 7899839 | 2171457 10750643
fo (s) for R- =0 2750 1720 2748 1679 322
T2 (s) for R. = 0.7 2980 2269 111 368 7726
fo (s) for R-. = 0.7 3707 2718 4559 3306 531

For the second stage of precipitation, the anatase solid solution (Ant-ss) band at approxi-
mately 150 cm™ was also analysed. Here the tail of the Boson band dominates the Raman
intensity at small times, before the formation of the Ant-ss causes an increase in intensity, as
Figure 4A shows. As the boson peak belongs to the fraction of the lithium aluminosilicate base
glass and here the formation of a crystalline short-range order in the demixed domains is an-
alysed, Ro in Eq. 8 was set to the lowest value of R. Further, one has to state that at low
frequencies Rayleigh scattering, which is sensitive to the demixing process, can superimpose
boson peak intensities and thus shift Ry to longer times, which was also observed: Ry increased
with temperature from 8 min (770 °C) to 10 min (790 °C) and 26 min (800 °C). Hence, charac-
teristic times of the JMAK analysis are probably affected and thus only Avrami coefficients
were determined from the increase of the Raman intensities. Furthermore, based on the results
of the band at 883.6 cm™, only the upper limit with the lowest measured value R = 0.93 was
taken into consideration for R.. In addition, F = 1 - R was plotted to account for the increase of
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the band and the mean value of the intensity between 150 and 160 cm™' was analysed in order
to enhance the clarity of the signal. Figure 7 shows these data in the JMAK coordinates,
whereby for the evaluation only the data t > t, (Table 1) were taken into consideration due to
noisy data and the overlap with the Boson band at short times and therefore only the slope in
the second stage was fitted using a single Weibull distribution (n1= ny). The analysis showed
that in the case of the 750 °C sample, there were only a few data points available as the sample
was only recorded up to 100 min (Inf < 8.7 for t in s), while for the other three nucleated glass
samples at 770, 790 and 800 °C, slightly higher values than the coefficients given in Table 1
were obtained with n, = 0.34, 0.33 and 0.3, respectively.
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Figure 7. In(-In(F150-160)) versus In(t) at 750, 770, 790 and 800 °C. The blue line is the fit of Eq. (8) to
the data for F- = 0.07 and t > to. Note that F =1 -R.

For the glass-ceramic sample treated at 820 °C, in which the crystallisation of Qz-ss pro-
ceeds simultaneously, as shown in Figure 3, the band of the functional Qz-ss at 465.5 cm"
was also evaluated in addition to the Ant-ss band at = 150 cm™. As mentioned above, at 820
°C, the growth of the Qz-ss crystallites and thus the increase in the total crystalline volume
fraction above 3% can influence the basis of the JMAK analysis with its normalisation to 451
cm, so that the Avrami coefficient was determined solely from the slope of the data of the Qz-
ss and Ant-ss bands in JMAK coordinates. Figure 8 shows that higher Avrami coefficients were
obtained for this parallel crystallisation at relatively high temperatures. For the nucleating agent
n = 0.83, while for Qz-ss a value close to 1.5 was obtained. Furthermore, the division into two
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stages no longer appears to be applicable, as fp = 531 s (Table 1) was close to the minimum,
leaving only three data points for Inty < 6.275.

IN(-IN(F450.160))

In(-IN(F 465 5))

Int (tins)

Figure 8. In(-In(F1s0-160)) and In(-In(F4e5.5)) versus In(t) at 820 °C. The blue line is the fit of Eq. (8) to
the data with n1 = no. Only the upper limits for complete precipitation (Ant-ss) and complete crystallisation
(Qz-ss) are displayed, with F. = 0.84 and F.. = 0.72 respectively. Note that F =1 - R.

4. Discussion

The kinetic analysis of the Raman intensity at 886.3 cm™ in JMAK coordinates clearly reveals
that the process of the seed former precipitation cannot be described by a single mechanism.
The coordination changes of Ti** (and possibly Zr**) in the amorphous state are much faster
(n= 1) than during the subsequent formation of a crystalline order within the demixed domains
(n=1/5). A lower Avrami coefficient (n = 1/3) in the second stage was also confirmed by direct
analysis of the Ant-ss band in the 150—160 cm™' range. Classically, for a diffusion-driven de-
mixing of glass within the metastable immiscibility dome (leading to a binodal microstructure
of suspended droplets in a matrix), there is also a two-part division of the kinetic processes,
but in the faster first process stage, where chemical supersaturation is removed by steady-
state nucleation (N, ~ t, where N, = volume number density) and growth of the demixed do-
mains with r ~ t"2, one should have n = 2.5, while in the slower second stage, which is associ-
ated with the coarsening or ripening of the population of demixed domains (N, ~ t-!, where r ~
t'3), typically n = 0 [32]. However, these coefficients are obtained when the diffusion field can
expand freely around the precipitates (e.g. in the case of a dilute suspension). Smaller coeffi-
cients (r ~ t'®) were determined for constrained diffusion, such as for the coarsening of nano-
sized crystals within a demixed microstructure [33]. At relatively high temperatures (820 °C),
the two-stage precipitation of the nucleating agent (Ant-ss) is no longer discernible. The sim-
ultaneous precipitation of Qz-ss probably further constrains diffusion pathways, which leads to
a decrease in the Avrami coefficient below 1. The faster turnover of melt volume by Qz-ss with
n = 3/2 reflects the heterogeneous character of nucleation, in which initially available active
sites of the nucleating agent can be utilised. However, it is assumed that the process will slow
down significantly with increasing conversion (i.e. with longer times) if these are populated or
cannot be supplied quickly enough. It should be noted that n = 3/2 then stands for a diffusive
three-dimensional growth on existing precipitates of the nucleating agents as already deter-
mined by quantitative high-temperature X-ray diffraction [34]. Furthermore, it becomes clear
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that the lower Avrami coefficient of the nucleating agent precipitation, in principle, must be
taken into account in the practical temperature-time protocol of ceramisation in order to be able
to efficiently design the heterogeneous nucleation of Qz-ss.

An earlier TEM study on the precipitation of nucleating agents in this base glass (but with
altered Ti to Zr ratio leading to ZrTiO4 crystallites) determined the size of these crystallites to
be around 4 nm [6]. To test whether the coordination change of Ti** leading to the formation of
demixed amorphous domains can be controlled by long-range diffusion, the diffusion coeffi-
cients D for Ti, Al and O determined in an aluminosilicate glass with albite composition, which
is thermally very stable and therefore not affected by crystallisation, were used. It should be
noted that among the three types of atoms, aluminium is the least mobile. However, it was
recently shown in [35] that, in combination with Ti, the tracer diffusion coefficient of 26Al in-
creases considerably and is almost equal to the diffusivities of 80 and Ti. For all three, the
Arrhenius parameters Do = 1.95 x 107 m? s™" and AHgi = 2.68 + 0.18 eV were determined for
the temperature dependence (measuring range of D = 833-900 °C), which suggested a cou-
pled mobility [35]. A structural linkage between AlOs and TiO, (m = 4, 5, 6) polyhedra were
expected earlier based on NMR data and RMC modelling in magnesium aluminosilicate
glasses [36], [37]. If the time tqr required to diffuse 4 nm is now calculated and set in relation
to 11, the result is 0.02—-0.04 for the temperature range under consideration. This means that a
diffusion-controlled process can be ruled out (as it takes only 2—4% of the time) and nucleation
without growth can be assumed. 11 should then be characteristic of the time associated with
the reaction leading to TiOg polyhedra and the corresponding structural changes in the linkage
with AlOs polyhedra. This scenario can be related to the observation of an Al**-enriched shell
around TiO- solid solutions after their crystallisation [8], [9], [12], [26], which means that purifi-
cation in the second stage (release of AI**) is accompanied by the formation of crystalline order
in the demixed domains. The total volume transformed is then expected to be negligibly small,
which is in agreement with the low Avrami coefficient of = 1/3 determined for the increase of
the Ant-ss band in the 150-160 cm™ range of Figure 7.

In contrast, the Avrami coefficient of the first process stage was in the range of 0.87—-1.15,
so that n = 1 and a time-independent rate K can be roughly calculated. For Ki = 14, values in
the range of (2.0-7.2) x 10* s are obtained for R = 0.7 (Table 1). Since the exact content of
crystallisable TiO- in the glass is not known, an estimate of 3 vol% was made on the basis of
the batch composition in order to be able to approximately determine the nucleation rate /o in
m=2 s. For a 4 nm demixed domain, which occupies 3 vol%, the volume number density N, =
8.95 x 10 m™ will be achieved within the first stage, so that Iy is in the range of (1.8-6.5) x
102° m3 s'. This is in approximate agreement with the nucleation rates of Qz-ss in ZrTiO4 (up
to 1.7 x 102" m3 s [27]) and ZrSnO4 (up to 2.7 x 10" m s [38]) nucleated LAS glasses.
Since the liquid-liquid interfacial energy (= 102 J m? [29], [39], [40], [41]) is almost an order of
magnitude lower than the crystal-liquid interfacial energy (= 10" J m?2 [42], [43], [44]), one
would expect much higher nucleation rates in the former case. However, the nucleation of Qz-
ss is heterogeneous (the homogeneous nucleation rate is predicted to be up to 10° m3 s™
based on the reduced glass transition temperature Ti/Ty (K K') = 0.565 [45], [46], with T, =
liquidus temperature = 1390 °C), so that the increase in the nucleation rate by 14 to 15 orders
of magnitude is a consequence of the primary precipitation of seed crystallites, which forms a
nanostructured environment with interfaces in which different chemical compositions prevail
and which considerably reduces the work of critical clustering W* of Qz-ss according to the
ideas of the classical nucleation theory (W*1er << W*1om).

According to non-classical ideas of crystal nucleation, an energetically favourable way is
to first achieve a local composition of the phase to be formed and then to build up a crystalline
structure [47]. Thus, the generalised Gibbs theory of nucleation already provides for a change
in the chemical composition of sub-critical clusters, which overcome the energetic barrier by a
change in composition [48], while the 2-step theory initially excludes the growth of sub-critical
clusters with the initial composition as density fluctuations and structural fluctuations are sep-
arated in time [49]. Irrespective of the exact nature of the clusters as determined by these
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theories, the observed temporally decoupled precipitation of TiO2 polymorphs in LAS glass
shows a two-part kinetic process that seems to come close to these ideas.

4. Conclusions

Analysis of the precipitation kinetics using the sectional JMAK equation showed that the overall
rate of the faster first stage was almost independent of time, while it was strongly dependent
on the heat treatment temperature. The nucleation rate was dominated by a density fluctuation-
assisted nucleation mechanism in the amorphous state without any growth, while the second
slower stage was governed by structural fluctuations leading to crystalline order in the demixed
domains with practically no extra consumption of transformed volume.
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