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Abstract

The thermal stability and crystallization behaviour of two refractory glass-forming
compositions in the K»>O-AlO3-SiO> ternary system were studied without ZrO»
additions (samples KASI and KAS2, with compositions on the tie-lines from
KAISi04 to Al,O3 and from KAISi2O¢ to Al,Os, respectively) and with ZrO, additions
(samples KAS1-Z and KAS2-Z). X-ray diffraction (XRD) was used to determine the
crystalline phases formed during the heat treatment of the glasses. All as-prepared
glasses were amorphous, except KAS2, with a weak SiO; phase attributed to
imperfect melting of starting materials, which disappeared upon heat treatment. Full
crystallization of kalsilite (KAISiO4) was observed in sample KAS1 after only 5
minutes’ heat treatment at 1250°C; for sample KAS2, a minor phase transformation

from y-ALO; to 0-Al2O; was observed after 10 minutes’ heat treatment at 1250°C;
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the relict SiO> phase disappeared and the major phase leucite (KAISi2Os) began to
form after 30 minutes in sample KAS2. Upon addition of ZrO; (sample KAS2-Z) the
transformation from y-Al,O3 to a-Al,O3; was delayed and observed after 30 minutes’
heat treatment at 1250°C. Meanwhile, the promotion of kalsilite and leucite
crystallization was observed in samples KAS1-Z and KAS2-Z, respectively.
Differential scanning calorimetry (DSC) was used to determine characteristic
temperatures and crystallization activation energies (E,) for each glass. However,
there was no clear correlation between crystallization tendency (glass-forming ability)
and E, for these glasses, which exhibit high crystallization tendency. Multiple glass
stability parameters (Hruby Ky, Weinberg Kw, Lu & Liu K1) were calculated based
on characteristic temperatures and a further criterion (Hu k) was calculated, based on
E,. Promotion of the major phase (kalsilite and leucite) crystallization by the addition

of ZrO; was confirmed through these criteria.
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1. Introduction

1.1 Background

The ternary oxide system K>O-AlO3-SiO; is important for multiple glass, ceramic,
refractory and glass-ceramic applications [1-4]. Common crystalline phases forming
within this system include potassium feldspar (K20-AlbO3-6Si02), leucite

(K20-AL03-4S10), kalsilite (K20-A103:2S102), mullite (3A1,05-25107), and quartz



(S103). Understanding and manipulation of phase relations and transformations within
this system have always been important as they directly impact upon applications
including high temperature refractories (in the form of blocks or fibres) and
electronic, optical and dental replacement materials.

In respect of refractory applications, mullite ceramics are well known in the Al>O3-
Si0; system, and mullite is also a primary phase occurring in the K>O-AlO3-Si0,
system. Polycrystalline mullite retains >90% of its room-temperature strength to
1500°C and displays very high creep and thermal shock resistance [5]. Mullite is the
only stable binary compound under atmospheric conditions in the Al>03-SiO> system
[6]. Impurity oxides in this system, such as alkali oxides, alkaline earth oxides,
titanium and iron oxides, have also attracted attention. Some of these impurities can
form solid solution in the mullite phase, but most react with AloO3 or SiO> to form
eutectics that not only increase the amount of glassy phase in refractories, but also
affect the liquid phase high temperature performance. Potassium, the addition of
which forms the K,0O-Al,03-S10; system, is also important: for example, in AlbO3-
Si0; refractories, alkalis react with the glassy matrix and then with the mullite grains
[6-8]. The potassium-bearing compounds formed in these reactions can, in some
cases, cause cracking due to volume expansion caused by the precipitation of phases
such as feldspar, leucite, kalsilite or kaliophilite, leading to premature failure of these
refractories. Scudeller ef al. [9] considered a refractory with 50 wt% Al,O3 and 50
wt% SiO; that was attacked by potassium-bearing vapour at high temperature. The

tie-line of the Si02-Al20O3 midpoint and K>O in the K2O-Al203-SiO; phase diagram



illustrates the compositional change of the refractory. As shown in Figure 1, this line
passes through 5 compatibility triangles and a large liquid-phase region with
increasing K>O content, which illustrates the complex equilibrium relationships
between the different phases including mullite, feldspar, leucite, kalsilite and liquid.

In terms of other applications, conventional fibre high-temperature thermal
insulation materials include refractory ceramic fibre (RCF) materials, and these are
now classified as Category 1A or 1B by the World Health Organization (definite and
possible human carcinogens, respectively) [10-12]. Consequently, alternative
refractory fibre materials, including materials based on the K>,O-Al,03-Si0; system,
have recently been developed [13]. The K,0-Al,03-Si0; ternary system has been
widely used in ceramic research and is fundamentally important in multiple glass,
ceramic and glass ceramic applications. The K>O-Al>O3-SiO> ternary system was
experimentally studied by Schairer and Bowen [14] and a partial phase diagram of
this system was revised and redrawn by Osborn and Muan [15] (Figure 2). Kingery et

al. [1] also presented a partial isothermal section of this system at 1200°C (Figure 3).
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Figure 1. Refractory compositions (on the K2O-R dotted line) from Scudeller et al. [9]
(S=Silica; M= Mullite; L, L2, L3=Liquid; PF=Potash Feldspar; Le=Leucite; C=Corundum; K=Kaliophilite.)

Reproduced with permission of the Journal of the American Ceramic Society, license # 4860380913652.
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Figure 2. K20-A2053-SiO: ternary phase diagram experimentally studied by Schairer and Bowen [14] and revised



and redrawn by Osborn and Muan [15]Reproduced from phase equilibria diagrams online database (NIST standard

Reference Database 31, Figure 00407), with permission of The American Ceramic Society.
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Figure 3. Isothermal section in the K20O-Al203-SiO2 diagram at 1200°C from Kingery ef al. [1] (Note: KAS: is the

composition K20-Al203-2Si02). Reproduced with permission of Wiley publishers, license # 4860380753214.

For decades, several different processes and applications have utilized different
compositions within this ternary system [9,16-19]. However, the large low-
temperature liquid areas in the K20, AlO; and K>O-2Si0O; triangles within the system
remain relatively unexplored. With the development of new materials in the form of
glass-ceramics and fibres [4,20-23] this compositional area has become more
technologically interesting. Yazhenskikh et al. [24] thermodynamically modelled the

K20-Al03-S102 ternary system and produced a phase diagram showing the



calculated liquidus surfaces and binary / ternary invariant points. Their modelled
phase diagram closely corroborates the available experimental data and provides
useful predictions for the experimentally unstudied parts, especially the high-K>O
compositional regions. The eutectic lines of K:SiO3-KAISiOs4 and KAISiO4-
K>Al12019 were indicated, and a solid solution based on KAIO> predicted to coexist in
equilibrium with a liquid phase in the K>O-rich corner. However, information for the
region below the Al,Os3- K20O-2S10; tie-line was not presented and thus large areas of
the phase diagram still remain unexplored.

Zirconium oxide, ZrO,, is well-known in glass-ceramics as a nucleating agent,
which is added to the glass to induce crystallization for glass ceramic preparation. As
a heterogeneous nucleating agent ZrO», in particular, has been used as a nucleating
agent for crystallization of B-quartz or B-spodumene solid solutions in the SiO>—
ADLO3-Li;0 and SiO>-AlLO3—MgO glass systems by microphase separation
processes, according to Beall ef al. [25]. Apart from its effectiveness as a nucleating
agent, ZrO; has also proven useful in the development of polycrystalline glass-
ceramics for technical applications and in medicine and dentistry. Zirconia typically
increases the viscosity of oxide glass melts, and melting of glass batches containing
zirconium-bearing raw materials (e.g. zircon or zircon sand) usually require increased
melting temperatures and times to provide a homogeneous melt. Thus, corrosion of
refractory materials in the glass melter may be more pronounced [26].

For the role of ZrO; in glass structure, classical theory [27] indicates that Zr*"

induces crystallization in the glass matrix and reduces the crystallization activation



energy by providing low-energy sites. Farges et al. [28] presented EXAFS studies of
Zr*" coordination in selected silicate and aluminosilicate glasses: in all glasses, Zr*" is
mainly 6-coordinated by oxygen. Small amounts of Zr*" were also found to occur in
8-coordinated sites in the most polymerized albite (NaAlSizOg) composition glasses.
Further possible structural models suggested ZrOs octahedra with four bridging and
two non-bridging oxygens [28]. The intermediate role of 6-coordinated Zr*" in silicate
glasses is reflected in its cation field strength and single-oxide bond strength [29].
Recent research by Ficheux et al. [30] illustrated the influence of Zr on cation
mobilities in silicate and aluminosilicate melts. Through their XANES study, Zr*" was
determined to exist in six-fold coordinated sites which are preferentially charge
compensated by Na", which has an initial structural role as a network modifier
associated with Q* (Si) sites in Na,O-CaO-Al,03-SiO2 melts. This modification, upon
addition of Zr*', generates lower bond strengths between sodium and other cations in
the melt, which strongly suggests that the sodium mobility is enhanced by the
presence of Zr*', despite the viscosity increase due to the addition of ZrO» [30].
Through the diffusion coefficients of network formers calculated from measured
viscosities by the Eyring relation by Ficheux et al. [30] it was shown that Zr* not
only provides low energy sites for crystallization, it also increases the network
modifier ionic diffusivity (which also generally enhances crystallization) as well as

increasing high temperature viscosity.



1.2 Current Research

Previously we studied nonisothermal crystallization kinetics and stability of leucite
(K20-Alx03-4S107) and kalsilite (K20-Al,03:2S102) from glasses in the K,O-AlLOs-
Si0; system [16], showing that kalsilite is an unstable phase which behaves as an
intermediate precursor to leucite. Kalsilite loses potassium upon prolonged heat
treatment with formation of leucite from stoichiometric kalsilite, accompanied by the
formation of potassium-doped B-Al,Os;. We also demonstrated that pure leucite
(K20-Al205-4S107) can be formed with more favourable crystallization kinetics if the
starting compositions are off-stoichiometric. In the present work, we build on our
previous study to consider the effects of ZrO, additions on thermal stability and
crystallization behaviour of two selected glasses in the K>O-Al,03-Si0; system
(Figure 4), each with and without ZrO, additions. These compositions were selected
so as to present relevance to the compositions studied in our previous work [16],
whilst offering new compositional information to expand the pool of knowledge on
new and technologically-interesting compositions in this system. Differential thermal
analysis was used to determine thermal properties. Glass compositions, crystalline
phase relations and phase transitions upon heating were studied by X-ray fluorescence
(XRF) and X-ray diffraction (XRD). Glass stability and crystallization activation
energies were determined via application of the Kissinger equation [31] and a series

of glass thermal stability equations to the thermal analysis data.
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Figure 4. Compositions of samples KAS1 and KAS2 illustrated on a K20-Al203-SiOz phase diagram[24].

Reproduced with permission of Calphad, license # 4860380335995.

2. Experimental Procedures

2.1 Sample Preparation and Compositional Analysis

To explore the effects of ZrO» on the crystallization behaviour of glasses that build
upon our previous work [16] and which present relevance to glasses developed for
their useful properties in the K>O-Al,03-SiO; system [12,13,16], four potassium
aluminosilicate glasses (two with ZrO; and two without ZrO;) were prepared via melt
processing, with their nominal compositions based on two points along the tie-line
from KAISiO4 to Al,O3, and the tie-line from KAISi2O¢ to Al2O3 in the KoO—-ALO3—
Si0, phase diagram separately, as shown in Figure 4. The nominal glass chemical

compositions are presented in Table 1. All inorganic raw materials (Table 2) were
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weighed according to stoichiometry, then carefully mixed in a mixer prior to melting.
Production of glass samples was carried out using a melt-blowing process as
described below. A 20 kg batch of each glass composition listed in Table 1 was
prepared using a rotary mixer. The batch melting process was conducted using a
submerged electrode arc furnace equipped with molybdenum electrodes which drives
a high electrical current through the molten glass batch. Initial melting was carried out
using an oxy-acetylene torch in order to produce a small, electrically conductive melt
between the molybdenum electrodes. The glass melt was contained in a water-cooled
stainless-steel furnace (melting temperature 2000-2200 °C, for ~ 2 hours). The furnace
was equipped with an orifice at the bottom, allowing a stream of glass melt to be
presented to a compressed air nozzle. The compressed air results in atomisation of the
molten glass into small droplets and rapid quenching to produce glass particles. The
blown material is then directed to a collection chamber through a steel duct. The
collection chamber contains a fine mesh made of stainless steel to collect the glass
material.
Table 1. Nominal glass compositions in the K,O-Al,03-Si0,> mixed with/without

710z (wt.%).

KAS1 KAS1-Z KAS2 KAS2-Z
ALOs 38.8 36.1 45.8 41.6
K20 28.0 26.0 15.1 13.9
Si02 33.2 30.9 39.1 37.3

ZrOs 0.0 7.0 0.0 7.2
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Table 2. Raw materials used for glass production.

Raw material Purity Supplier
ALO3 >99.0% Richard Baker Harrison Ltd.
K2COs >99.5% Norkem Ltd.
SiO, >99.6% Sibelco UK Ltd.
Z1Si04 >99.0% Richards Bay Minerals Ltd.

Heat treatment of the as-produced glass samples was conducted in air using an
electric furnace. During the heat treatment experiments, the samples were placed into
the furnace at room temperature and the furnace was heated to the selected
temperature (1250°C) at a rate of 5°C per minute. Samples were held at temperature
for the relevant time period, then removed from the furnace at the same temperature at
set time intervals with an accuracy of &+ 2 seconds for 1 and 5 minutes samples; + 5
seconds for 15 minutes, 30 minutes and 1 hour samples; + 5 minutes for the 24 hours
sample. The range of heat treatment times (5 mins, 10 mins, 30 mins, 60 mins and 24
hours) was selected to examine the early formation and evolution of each crystalline
phase. The rationale for these relatively short-term experiments (by comparison with
our earlier research [16]) was to study the time needed for each composition to
transform from amorphous to crystalline, and to consider initial phase developments.
To identify the crystalline phases corresponding to exothermic peaks identified from
DSC results, heat treatments were also applied to the as-produced glass samples. For
these heat treatments, an electric furnace was pre-heated to the selected temperature.

Samples were then placed into the furnace and held at this temperature for 2 hours,

12



then removed from the furnace and air-cooled to room temperature, ready for further

XRD characterization.

2.2 Characterization and Analysis

Quantitative XRF analysis was carried out using a PANalytical—Axios Advanced
X-ray fluorescence spectrometer. Samples were prepared in the form of fused beads:
1.000 = 0.002 g of sample was carefully weighed and mixed with 10.000 + 0.002 g di-
lithium tetraborate and melted to form a transparent glass disk using an automatic
bead making instrument.

Crystallographic evolution arising from the variable heat treatment experiments
was investigated by XRD at room temperature, with a diffractometer (model:
Empyrean XRD, PANalytical™, Almelo, The Netherlands) equipped with a Cu tube
operated at 40 kV and 40 mA, in the 20 range between 5 and 90°, with 20 increments
of 0.016° per step. All samples were analyzed using a reflection spinner sample
holder, spinning at 0.25 Hz. All samples were crushed to fine powders using a mortar
and pestle prior to measurement.

The thermal behaviour of the samples was investigated by nonisothermal
differential scanning calorimetry (DSC). The measurements were performed with a
Netzsch STA 449 F5 Jupiter instrument between room temperature and 1400°C, with
heating rates between 5 and 40°C/min. All DSC measurements were carried out on
50.0 mg samples against the same mass of 99.9% purity a-Al2O3, as an inert reference

material, which was calcined at 1450°C for 15 hours prior to measurements.
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To determine the activation energy for crystallization from the exothermic peak

temperatures obtained from the DSC curves, the Kissinger equation [31] was applied:

C=-2g4c (1)

lnT_OZ ~ RT,
where a is the heating rate, E, is the activation energy, R is the gas constant, Ty is the
exothermic peak temperature in Kelvin, and C is a constant. The activation energy is
calculated from the slope of the line of In (a/T¢) vs. 1/T,.

The crystallization kinetic factor, k, was also calculated using a modified Johnson-
Mehl-Avrami equation (2) [32].

k =y-exp (—E,/RT) (2)
where v is a frequency factor that can be deduced from (3):
Eq

a Eq4
lnT—Oz——R—TO—ln?+lny 3)

The shape factor (n) of the exothermic peak is calculated using (4) [16]:
n=-—" g 4)

where 7 is the Avrami constant and AT is the full width at half maximum (FWHM)
of the exothermic peak. Peakfit® software was applied to distinguish overlapped
exothermic peak signals and their FWHM. The value of the Avrami constant, n,
provides information regarding the morphology of the growing crystals [16]. The
value of n reveals the dominant mechanism of crystallization. Smaller values of n
indicate that crystallization is controlled by a surface crystallization mechanism
instead of volume crystallization, and that the dimension of crystallization is low. The
Avrami parameter can be considered to comprise two terms: one that represents the

dimension of crystal growth, having integer values of 1, 2 or 3 corresponding to one-,
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two- or three-dimensional entities that are formed. The second term relates to the time
dependence of nucleation with values of either 0 or 1, where 0 corresponds to
instantaneous nucleation and 1 to sporadic nucleation [16]. Additionally, larger values
of n are expected when increase nucleation rates occur, such as in diffusion-controlled

reactions (>2.5) or in the case of polymorphic transformations (>4) [16].

3. Results

Elemental analyses (XRF) confirmed (Table 3) that samples KAS1 and KAS2,
which have nominal compositions on the eutectic line KAISiO4-AlLO3 (near to
KAISi04) and the eutectic line KAISi2Os-AlO3 (close to KAISi,0g), respectively,
were closely similar to the analysed compositions. Low but measurable potassium
loss, less than 0.7 wt% K0, was observed after melting for all 4 glass samples, and
can be attributed to volatilization losses during melting [33]. These results confirm

that each as-melted glass composition was closely similar to its nominal composition.

Table 3. XRF-analyzed compositions for all glass samples (wt. %)

KAS1 KAS1-Z KAS2 KAS2-Z
ALOs 37.4 35.1 45.7 41.8
K20 27.9 25.7 14.5 13.8
Si02 34.7 31.7 39.8 37.3
ZrOs 0.0 7.5 0.0 7.1

*Uncertainties associated with the XRF analyses are estimated at +2% of measured concentrations.
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3.1 Thermal Analysis and Phase Identification

To determine the crystallization behaviour of the glasses and explore the activation
energies for their crystallization, nonisothermal differential thermal analysis was used.
In Figure 5, DSC curves for all samples at different heating rates, from 5°C/min to
40°C/min, are presented. For sample KASI, only one strong exothermic peak is
observed at ~1100°C, which is related to the crystallization of kalsilite. With the
introduction of ZrO, (sample KAS1-Z), a second exothermic peak appears at
~1000°C, with the exothermic peak at ~1100°C also moving to higher temperatures.
For sample KAS2 a weaker exothermic peak occurs at ~1020°C and another peak is
observed at ~1350°C. With introduction of ZrO; (sample KAS2-Z), a third exothermic
peak occurs at ~980°C, near to the ~1020°C exothermic peak, which moves towards

high temperatures.
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Figure 5. a. DSC curves for KASI1 glass in different heating rates (from 5°C/min to 40°C/min).
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Figure 5. b. DSC curves for KAS1-Z glass in different heating rates (from 5°C/min to 40°C/min).
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Figure 5. d. DSC curves for KAS2-Z glass in different heating rates (from 5°C/min to 40°C/min).
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XRD patterns for as-prepared glass samples are presented in Figure 6. The
amorphous nature of the as-prepared samples KAS1, KAS1-Z and KAS2-Z is
confirmed. For sample KAS2, a very weak SiO; (ICDD 03-065-0466) phase was
determined in the as-prepared glass, this was confirmed by XRD observation to be
due to imperfect melting of the sand in the raw materials and not to formation post-
melting or during cooling. Due to the nature and constraints of the melting technology
used here for glass preparation, very small amounts of undissolved silica sand can
occasionally arise and are unavoidable. Phases were assigned to the exothermic peak
temperatures obtained from DSC analysis through XRD results, which are presented
in Figure 7 and Figure 8. According to the XRD patterns for KAS1 and KAS1-Z
glasses heat treated at 1250°C (Figure 8 a and b), the exothermic peak observed at
~1100°C can be assigned to the crystallization of kalsilite (K,O-AlO3-2S10; or
KAISi104) as only one phase is present in the heat-treated KAS1 sample. For sample
KAS1-Z, the additional DSC peak at ~1000°C can be attributed to the crystallization
of zirconia (ZrO.).

For sample KAS2, except SiO> phase, a gamma aluminium oxide, y-Al,O3; (ICDD
00-010-0425), was also identified after 10 minutes’ heat treatment at 1020°C (Figure
7a) as the exothermic peak observed at ~1020°C can be assigned to the crystallization
of y-Al,0s. At 1330°C, leucite (KAISi206 (ICDD 01-071-1147)) was identified as the
major phase from the XRD patterns shown in Figure 7b. The second DSC peak for
sample KAS2 at 1330°C can be attributed to the crystallization of leucite. Meanwhile

for sample KAS2-Z, one additional exothermic peak appeared below 1000°C, which
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can be attributed to the crystallization of zirconia (ZrO).
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Figure 6. XRD patterns for as prepared glass samples of KAS1, KAS2, KAS1-Z and KAS2-Z.
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Figure 7. a. XRD pattern for sample KAS2 heat treated at 1020°C for 10 mins.
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Figure 7. b. XRD pattern for sample KAS2 heat treated at 1330°C for 10 mins.
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As shown in Table 4, the calculated activation energies (E,) of crystallization vary
considerably between the different samples. For sample KAS1, E, for the
crystallization of kalsilite (KAISiO4) is 492.0 kJ/mol. For sample KASI1-Z, the
introduction of zirconia (ZrO;) results in the same E, value, within uncertainties, of
494.0 kJ/mol. Meanwhile, E, for the crystallization of gamma aluminium oxide (y-
ADO3) decreased from 722.8 kJ/mol for sample KAS2 to 529.7 kJ/mol for sample
KAS2-Z. However, E, for the crystallization of leucite (KAISi1,0¢) shows little change
with the introduction of zirconia (ZrO»), increasing very slightly from 488.6 kJ/mol
for sample KAS2 to 496.0 kJ/mol for sample KAS2-Z. When comparing the
behaviour of the different glass compositions, E, for ZrO; in sample KAS1-Z (559.9
kJ/mol) is substantially lower than for sample KAS2-Z (1018.9 kJ/mol).

Table 4. a. Crystallization activation energy for different glass samples.

Glass E(kf/‘;; (I:Sak f E, for Peak 2+ (kl/mol) fkjf/cr’;;‘;ak 1

KASI . 492.0 / KAISiOs :
KAS1-Z 559.9 / ZrO, 494.0 / KAISiO4 :

KAS2 : 722.8 /y-ALO; 488.6 / KAISi,Oq
KAS2-Z 1018.9 / ZrO, 529.7 /y-ALO; 496.0 / KAISi,Oq

1 Peak number is according to the order of appearance, with increasing temperature, of exothermic
peaks from DSC.

Table 4. b. Average shape factor (n) for different crystallisation events.

Glass Shape factor for Peak 1 Shape factor for Peak 2 Shape factor for Peak 3
(n£0.1) (n+0.1) (n+0.1)
KASI ' 3.6/ KAISiO; '
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KAS1-Z 1.4/ ZrO, 23/ KAISIOx .
KAS2 ' 1.6/y-Al,O3 4.2/ KAISi;06

KAS2-7 2.1/ 71O, 1 3/7-ALOs 3.5/ KAISi,O6

1 Peak number is defined according to order of occurrence, with increasing temperature, of
exothermic peaks from DSC.

3.2 Heat Treatment and X-ray Powder Diffraction

XRD patterns for all glass samples after heat treatment at 1250°C for different
times are shown in Figure 8. For samples KAS1 and KAS1-Z, kalsilite (KAISiO4) is
present at all heat treatment times as the major phase with high crystallinity and
similar diffraction peak relative intensities. In addition, zirconia (ZrO.) crystallized in
sample KAS1-Z after only 5 minutes’ heat treatment. The main diffraction peak (101)
of ZrO, at 30.3° 26 can be observed in all sample KAS1-Z diffraction patterns. With
increasing heat treatment time, the (101) peak intensity slightly increased and the full
width half-maximum (FWHM) decreased, indicating the degree of crystallinity of
zirconia (ZrQO;) increased with increasing heat treatment time.

For sample KAS2, a sharp diffraction peak (101) attributed to silicon dioxide (a-
Si0») at 26.7° 20 and six weak peaks attributed to gamma aluminium oxide (y-Al,O3)
were observed at 5 minutes’ heat treatment (the SiO, peaks, as discussed earlier,
confirmed as being due to from relict undissolved SiO> from the raw materials). With
increasing heat treatment time, peaks for alpha aluminium oxide (a-Al.O3) appears
after 10 minutes as the y-Al>O3 polymorph undergoes its transformation, possibly via
the 0-Al,O3; polymorph [34]. Leucite (KAISi2Og¢) is present after 30 minutes’ heat
treatment as the major phase. Meanwhile, the diffraction peaks attributed to silicon
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dioxide (SiO»), as illustrated by the non-overlapping peak at 50.1° 260, are absent
beyond 30 minutes, indicating that this relict SiO> undergoes reaction with other
components to form resulting phases, most likely leucite. After 30 minutes’ heat
treatment, the peak intensity for leucite (KAISi»O¢) increased with increasing time
and the humped background indicative of the presence of an amorphous phase
decreased, suggesting ongoing crystallisation of leucite from the glass.

With addition of zirconia (sample KAS2-7Z), a measurable amount of ZrO, had
crystallised after 5 minutes’ heat treatment along with a low level of y-Al,O3. Another
alpha aluminium oxide (a-Al.O3) phase appears after 30 minutes and there was no
indication of the silicon dioxide (a-SiO2) phase, confirming this sample was free from
relict Si0,. For sample KAS2-Z, high intensity diffraction peaks for leucite
(KAISi1206) were present after 30 minutes’ heat treatment and a reduced amorphous
hump was observed compared to the diffraction pattern for sample KAS-2. The
leucite peak intensity appears to, consistently, increase with further heat treatment
time. As was the case for sample KASI-Z, low levels of both y-AlbOs (or the

intermediate 0-Al>O3) and a-Al,O3; were present after 24 hours at 1250°C.
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Figure 8. d. XRD patterns for samples KAS2-Z heat treated at 1250°C from 5 minutes to 24 hours.

4. Discussion
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4.1 Phase Relations

From previous research and phase diagram studies, some information on glass
stability in the K>O-Al,03-SiO; system is available. For instance, the phase diagram
of the KAISiO4 (kalsilite) - AlbOs; and KAISi;O¢ (leucite) - Al,O3 systems from
Schairer and Bowen [14] indicates the liquidus phase line with single-phase liquid
above it. More recently Yazhenskikh et al. [24] and Kim et al [35] presented
evaluation and thermodynamic studies of the K;0-AlO3-SiO; system. In their
studies, particular phases “liquid+high temperature phase KAISiO4”and “slag” were
labelled above the liquidus phase line in the “binary” phase diagrams of the KAISiO4
- ALLO3 and KAISi0s - AlLOs; systems, which indicates a propensity for melt
instability and / or rapid devitrification during melt quenching.

In terms of the samples studied here, samples KAS1 and KAS2 sit on the tie-line
from KAISiO4 to AIO3 and KAISi2Os to Al>O3, respectively, in the KoO-Al,O3-Si0,
ternary phase diagram, with compositions close to each of the “binary” phases of the
KAISiO4 - Al:O3 and KAISi2Os - AlO3 systems noted above. Thus, these two glasses
can reasonably be expected to show rapid tendency for devitrification during
quenching. For the other as-prepared glasses, the XRD results show no sign of
crystallinity with only characteristic amorphous humps in the diffraction patterns
(with the exception of the relict SiO2 discussed previously), confirming these samples
were essentially X-ray amorphous. However, when sample KAS1 was heat treated at
1250°C for just 5 minutes (Figure 8a), almost complete crystallization to form

kalsilite (KAISiO4) occurred, as shown in the diffraction pattern; and its absolute
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diffraction peak intensity (at 28.6 °20, under the same measurement conditions)
increased only very slightly from this after 24 hours’ heat treatment. The
crystallization of kalsilite (KAISiO4) in sample KAS1 is in accordance with the
prediction from the phase diagram [24,35]. With the introduction of ZrO,, the
crystallization behaviour of kalsilite (KAISiO4) in sample KAS1-Z (Figure 8b) is
almost the same as in sample KAS1, except that for the strongest diffraction peak of
kalsilite at 28.6 ° 20 for sample KASI1-Z, unlike sample KAS1, has an absolute
intensity after 5 minutes’ heat treatment already roughly the same as the intensity after
24 hours’ heat treatment at 1250°C, again indicating even more rapid crystallisation of
kalsilite in sample KAS1-Z than in sample KAS-1.

For sample KAS2, during the heat treatment at 1250°C, relict Si0, from imperfect
raw materials reaction during melting, was present at up to 10 minutes’ heat treatment
at 1250°C. The crystallization of gamma aluminium oxide (y-Al,O3) occurred rapidly
after 5 minutes’ heat treatment, and a further transformation from y-Al,Os to a-Al,Os
(via the intermediate 6-AlbO3 polymorph) [36] occurred by 10 minutes’ heat
treatment, as shown in Figure 8c. Between 30 minutes’ to 24 hours’ heat treatment at
1250°C in samples KAS2 the primary phase, leucite (KAISi2Os), crystallises and
continuously grows with coexisting y-Al2O3; and a-Al2Os. However, the diffraction
peaks for SiO», as illustrated by the peak at 50.2° 26, were no longer present after 30
minutes’ heat treatment, with the emergence of leucite (KAISi,Os) indicating that the
Si0, participates in, and is consumed by, the formation of leucite (KAISi,06). A

possible reaction path of SiO>+AlLO3—AlsSi2013 (mullite) was also considered here
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and cannot be definitively ruled out due to the low diffraction peak intensities and the
multiple overlapping lines. However, no definitive evidence for the presence of
mullite can be found in any diffraction pattern for this sample, even following 24
hours’ heat treatment.

Although the minor phase transformation from y-Al,O3 to a-Al>2O3 in sample KAS2
was identified by XRD following heat treatment at 1250°C, no thermal peaks / signals
in DSC traces can be attributed to it, as only two crystallization exothermic peaks
were identified, and have been attributed to the crystallization of y-Al,O3 and leucite
as discussed above.

With the introduction of ZrO, to the glass a significant amount of crystalline ZrO»
phase is present after only 5 minutes’ heat treatment at 1250°C with gamma
aluminium oxide, y-Al>Os, present as a minor phase. After 30 minutes’ heat treatment,
leucite (KAISi,0¢) was present as the major crystalline phase with ZrO», the presence
of a-Al,O3 was delayed from 10 minutes’ in KAS2 to 30 minutes’ heat treatment,
which indicates that the transformation from y-AlbOs to a-Al,Os3 may have been
suppressed by the introduction of ZrO,. If we compare diffraction patterns after 30
minutes’ heat treatment for samples KAS2 and KAS2-Z, the absolute diffraction
intensities of the leucite (KAISi20O¢) peaks for sample KAS2-Z are greater than for
sample KAS2, which indicates that the introduction of ZrO; promotes crystallization
of, and increases the crystallization rate of, leucite (KAISi,O¢). The intensity of the
amorphous hump also appears to be reduced more quickly during heat treatment at

1250°C in sample KAS2-Z compared with sample KAS2, further supporting this
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conclusion.

Previous research within the K>O-AlO3-SiO; ternary system has principally
focussed on the liquidus surface [14,24,35] with less consideration of the subliquidus
phases. Kingery et al. [1] presented a partial isothermal section in this ternary phase
diagram (Figure 3) at 1200°C, which illustrates the crystallization tendency of
alumina (ALOs3), leucite (KAIS106) and kalsilite (KAISiO4) in the delta-shaped
region of KAS4+-KAS>-AlbO3 that is in accordance with the crystallization phases,
ALO; and leucite, during the heat treatment of sample KAS2 here. However, for
sample KAS1, the composition is closer to the K,O-rich range, which has received
less attention than the compositional region inhabited by sample KAS2. Kim et al.
[35] presented a “binary” KAISi04-Al,O3; phase diagram (with compositional range
including compositions similar to that of sample KAS2) in their work that indicates a
phase field of KAISiO4 (kalsilite) + Al,O3 and B-AlOsz in the temperature range
500°C to 1700°C. In this study, for sample KAS2, kalsilite (KAISi04) and aluminium

oxides (in the form of y-Al,O3 and a-Al,O3) were characterized during heat treatment.

4.2 Thermal Analysis

To fully explore and determine the crystallization temperature and thermal stability
of glasses, DSC at multiple heating rates was applied here. Attributions of thermal
peaks to the crystallization of phases are fully presented above with the calculated
activation energy of crystallization, E,, given in Table 4a. There is some difficulty in

reconciling some of these results with the observed crystallisation behaviour from
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XRD. For example, the introduction of ZrO; appears to have little effect on E, of
leucite (KAISi20¢), which increased only slightly from 488.0 kJ/mol (sample KAS2)
to 496.0 kJ/mol (sample KAS2-Z). However, XRD results strongly suggest that
addition of ZrO; increases the crystallization rate of leucite during heat treatment, as
shown in Figure 8. Also, E, of crystallisation for ZrO> in sample KAS2-Z is
approximately double that for sample KAS1-Z, yet similar ZrO, signatures and
intensities were observed in the relevant diffraction patterns. Concerning shape
factors (n) as given in Table 4b, the addition of ZrO; affects and decreases n of other
crystalline phases in the KAS1 and KAS2-Z series. Specifically, the shape factor n for
KAISiO4 decreases from 3.6 to 2.3 from sample KAS1 to sample KAS1-Z, which
indicates a shift in the crystallisation mechanism of KAISiO4 from volume nucleation
and 2-dimensional (2D) crystal growth in sample KAS1 towards surface nucleation
with 1D crystal growth in sample KAS1-Z. Meanwhile, n decreases from 1.6 to 1.3
for y-Al>O3 and from 4.2 to 3.5 for KAISi,0¢ from sample KAS2 to sample KAS2-Z.
Accordingly, the crystallisation mechanism of KAISi,O¢ shifts from volume
nucleation and 3D crystal growth towards volume nucleation and 2D crystal growth.
If the crystal growth rate is diffusion-controlled, the activation energy for crystal
growth E, can be related to that for viscous flow in the similar temperature range [37].
However, as noted previously, the XANES study of Ficheux ef al. [30] suggests that
the introduction of ZrO; can increase the network modifier ionic diffusivity as well as
viscosity in melts at high temperature, which offers a potential explanation for the

lack of clear correlation between crystallization tendency (glass-forming ability) and
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E. compared to other glass system. Accordingly, the reliability of the Avrami number
(shape factor, n) calculated based on activation energy, E, is thus limited in this case.
On the other hand, thermal analysis has been widely applied in the study of glass
crystallization kinetics, and a number of analytical methods have been developed
[32]. Whilst there is no clear consensus on which method or criterion is most widely
applicable, the most commonly used criterion is crystallization activation energy (E.),
which can be determined from DSC/DTA measurements. According to this criterion, a
higher E, indicates a lower crystallization tendency. However, it has been found that
in some cases the E, criterion indicates behaviour that is not reflected in experimental
results for some high crystallization tendency systems such as fluoride glasses [37,38]
and high-TiO, glasses [32]. It thus appears that, in this case, the glasses in the K»O-
ADO3-Si0; system studied here can also be included. Hu et al. [32] put forward a
kinetic factor k, from the activation energy of crystallization, based on a modified
Johnson-Mehl-Avrami equation and verified for fluoride glasses and TiO»-B>0Os-BaO-
CaO glasses. We have applied this factor k here (Table 6). In addition to activation
energy and parameters derived from it, a number of other criteria for thermal stability
or glass formation tendency have been interpreted from characteristic temperatures by
DTA or DSC in previous research [39—42]. Historically, Dietzel [43] suggested that
characteristic temperatures are available for glass stability prediction. It was
experimentally observed that the temperature difference (47) between onset
crystallization temperature (7%) and glass transition temperature (7,) has a relationship

with glass stability. Uhlmann [44] indicated that a high glass viscosity at the
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crystalline phase melting point and / or a rapidly rising viscosity with falling
temperature below the melting point are beneficial for glass formation. He developed
the equation 7,;=Ty/Tim (or T¢/T;, where T, is melting temperature and 7;is liquidus
temperature) as the one of the earliest criteria to evaluate the stability of glass. In
1989, Weinberg et al. [45] developed the term critical cooling rate (R.) for glass
stability assessments. In 1972, a glass-forming coefficient, Ky, was developed by
Hruby [46]. This coefficient is related to 7, 7, and T,,. A limitation for 7, is it may
fail to accurately predict glass stability in some cases [47,48]. Nascimento et al. [49]
indicated that in glasses for which the glass transition temperature shows a weaker
correlation with glass-forming ability, 7,, has less correlation with glass stability
compare to Ky. However, good correlation between glass stability and Ky is generally
provided by oxide glasses [50,51]. Further studies include Weinberg’s Ky criterion
[52] and Lu and Liu’s K;;z criterion [53,54], all based on these three characteristic
temperatures (7, T; and 7,) and showing good correlation with glass stability.
According to Kozmidis-Petrovic et al. [39], among all criteria interpreted from
characteristic temperatures, Hruby’s Kz provides excellent correlation with glass
stability in oxide glasses and Weinberg’s Ky is ranked close behind. Most recently,
Jeanini et al. [55] presented detailed statistical comparisons of 23 different published
glass stability criteria based on the characteristic temperatures. Through their work on
the data for 12 stoichiometric oxide glasses, it was concluded that Weinberg’s Ky
criterion ranked first, closely followed by the Hruby’s Ky and Lu-Liu’s Ki;. All of

these studies reveal the complexity and difficulty of identifying a universal criterion
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for all glasses. Instead of using one criterion, consideration of multiple criteria may
thus be useful.

One challenge, for the glasses studied here, is that the liquidus temperatures of
large parts of the K>O-Al,03-SiO; system are very high: beyond the capability of
most DSC equipment and furnaces to measure. Fortunately, the KoO—Al,03-SiO;
system has been thermodynamically modelled by Yazhenshikh et al. [24] so some
data is available. The liquidus temperatures of samples KAS1 and KAS2 can be
directly estimated from their calculations, and regarded as equivalent to melting
temperature: these are listed in Table 5. As discussed earlier, there is general
consensus that introducing or increasing the content of ZrO; in silicate glasses tends
to increase both the viscosity and liquidus temperature [26,33,56]. Accordingly, it is
reasonable to assume that the liquidus temperatures (7,) of samples KAS1-Z and

KAS2-Z will be higher than those of the ZrO,-free samples KAS1 and KAS2.
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sample KAS1-Z.
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KAISi206 at ~1300 °C in sample KAS2-Z.

Table 5
Table 6

Glass stability criteria including Ky, Kw, Kz and k& were calculated and are listed in
Table 6. Those criteria for samples KAS1 and KAS2 can be calculated directly from
the characteristic temperatures listed in Table 5. For samples KAS1-Z and KAS2-Z,
the unknown 7,, was replaced by those of samples KAS1 and KAS2 for criteria
calculation. Accordingly, the uncertainties on these analyses are greater and their real
values are expected to be lower than calculated due to the expected higher liquidus
temperature (77) of samples KAS1-Z and KAS2-Z. The introduction of ZrO; in
sample KASI1-Z reduced Ky of kalsilite (KAISiO4) from 0.3591 to less than 0.2881,
which decreases the glass stability and thus promotes the crystallization of kalsilite
(KAISi104). Meanwhile, the introduction of ZrO; in sample KAS2-Z also reduced Ky
of gamma aluminium oxide (y-Al>O3) and leucite (KAISi2Os) from 0.0992 to less than
0.069 and from 0.8837 to less than 0.7923, respectively. The glass stability of sample
KAS2-Z is thus decreased relative to sample KAS2, and crystallization of aluminium
oxides and leucite are promoted accordingly. The Ky values for ZrO; in samples
KAS1-Z and KAS2-Z are almost equal, which indicates that the crystallization
behaviour of ZrO> in those two different glasses will be similar. The calculated Ky
and K;; also show consistency. Thus we can consider and compare those criteria with
Hu et al.’s [32] kinetic factor &, which was deduced from the activation energy of
crystallization. Although the source for derivation is different, the variation tendency

of k is consistent with Kz, K and K;;, which broadly supports the validity of these
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criteria.

5. Conclusions

The thermal stability and crystallization behaviours of two glass-forming
compositions in the K>O0-Al;03-SiO; ternary system were studied without ZrO,
(samples KAS1 and KAS2) and with ZrO> (samples KAS1-Z and KAS2-Z) additions.
The amorphous nature of as-prepared glasses was confirmed by XRD except a weak
phase SiO> in KAS2, attributable to relict SiO, from the raw materials. Full
crystallization of kalsilite was observed in sample KAS1 after only 5 minutes’ heat
treatment at 1250°C, and leucite began to form in sample KAS2 after 30 minutes’ heat
treatment. With the introduction of ZrO,, the promotion of kalsilite and leucite
crystallization was observed in samples KAS1-Z and KAS2-Z, respectively. Through
DSC measurements, there was no clear correlation between crystallization tendency
(glass-forming ability) and calculated crystallization activation energy E. for these
high crystallization tendency glasses. Furthermore, multiple glass stability (GS)
parameters (Hruby Kp, Weinberg Kw, Lu & Liu K;;) were calculated based on
characteristic temperatures and a further criterion (Hu k) was calculated based on E..
The validity of these criteria was cross validated with one another and the promotion
of crystallization in these glasses by addition of ZrO> was confirmed through these

criteria.
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Table 1. Nominal glass compositions in the K2O-Al>03-Si0; mixed with/without

Z1rOs (Wt.%).
KASI1 KASI1-Z KAS2 KAS2-Z
AlLO3 38.8 36.1 45.8 41.6
K>O 28.0 26.0 15.1 13.9
SiO2 33.2 30.9 39.1 37.3
V4{0)} 0.0 7.0 0.0 7.2

Table 2. Raw materials used for glass production.

Raw material Purity Supplier
ALO; >99.0% Richard Baker Harrison Ltd.
K2COs >99.5% Norkem Ltd.
SiO >99.6% Sibelco UK Ltd.
Z1S104 >99.0% Richards Bay Minerals Ltd.

Table 3. XRF-analyzed compositions for all glass samples (wt. %)

KAS1 KAS1-Z KAS2 KAS2-Z
AL O3 37.4 35.1 45.7 41.8
K20 27.9 25.7 14.5 13.8
Si02 34.7 31.7 39.8 37.3
71O 0.0 7.5 0.0 7.1

*Uncertainties associated with the XRF analyses are estimated at +2% of measured concentrations.
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Table 4. a. Crystallization activation energy for different glass samples.

Glass ’ikjf/‘;;(ijak tf E, for Peak 21 (kl/mol) kaf/(;;;?ak 1

KASI : 492.0 / KAISiOs :
KASI-Z 559.9 / 2105 494.0 / KAISiO4 :

KAS2 : 722.8 /y-ALO; 488.6 / KAISi>:Oq
KAS2Z 10189/ Z:0; 529.7 / y-ALO:s 496.0 / KAISi>Oq

1 Peak number is according to the order of appearance, with increasing temperature, of exothermic
peaks from DSC.

Table 4. b. Average shape factor (n) for different crystallisation events.

Glass Shape factor for Peak 1 Shape factor for Peak 2 Shape factor for Peak 3
(n0.1) (n0.1) (n£0.1)
KASI \ 3.6/ KAISIO; \
KAS1-Z 1.4/ ZrO; 2.3/ KAISIO; \

1 Peak number is defined according to order of occurrence, with increasing temperature, of
exothermic peaks from DSC.
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Table 5 Characteristic temperatures for glass stability (GS) parameter derivation.

DSC,
20°C/min Sample KAS1 Sample KAS1-Z Sample KAS2 Sample KAS2-Z
(2°0)
Temp./ o Temp./° 0
oC Phase Temp./°C Phase C Phase Temp./°C Phase
T, (°C) 831 / 888 / 918 / 923 /
(Ig'/ Te / / 942/998 710, / / 972/987 710
Two/Teo(° 1087/1 : 1092/1 . 994/102 i i
) 105 KAISiO,4 112 KAISiO4 ) v-Al O3 977/1025 v-ALOs
Tys/Te3(® 1313/13 KAISi, KAISi,O
) / / / / 13 O 1293/1322 )
Tm(°C) 1800% / Unknown / 1760% / Unknown

+ Tx denotes the onset crystallization temperature and T denotes the peak crystallization temperature. The number indicates the thermal
peaks in order from low to high temperature.

1 Melting temperatures were interpreted from liquidus surfaces in the phase diagram calculated by Yazhenshikh et al. [24]
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Table 6 Glass stability (GS) criteria based on characteristic temperatures.

Sér:glle Sample KAS1-Z Sample KAS2 Sample KAS2-Z
GS parameter Developers:

KAISiO,4 ZrO, KAISiOs | y-ALO;  KAISiOs | ZrO, v-AlLOs  KAISi:Os

(1105°C) | (998°C) (1112°C) | (1022°C)  (1338°C) | (987°C)  (1025°C) (1322°C)
?T” _:T()TX Ty / Hruby [46] 0.360 <0.063  <0.288 0.099 0.884 | <0.062 <0.069  <0.792
A (Te - Tg) /- Characteristic g;i“berg 0.152 <0.061  <0.124 0.059 0239 | <0.036 <0.058  <0.227

Lu & Liu

KiL=Te/ (Tg+Tm) [53.54] 0.420 <0371  <0.414 0.382 0.500 | <0.368 <0382 <0.493
kp = v exp(-
E/RT,) Hu [32] 0.32 0.48 0.32 0.50 0.23 0.47 0.4 0.22
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Figures captions:

Figure 1. Refractory compositions (on the K2O-R dotted line) from Scudeller ez al. [9]

(S=Silica; M= Mullite; L, L2, L3=Liquid; PF=Potash Feldspar; Le=Leucite; C=Corundum; K=Kaliophilite.)
Reproduced with permission of the Journal of the American Ceramic Society, license # 4860380913652.

Figure 2. K2O-Alx03-S10z ternary phase diagram experimentally studied by Schairer and Bowen [14] and revised and
redrawn by Osborn and Muan [15]Reproduced from phase equilibria diagrams online database (NIST standard
Reference Database 31, Figure 00407), with permission of The American Ceramic Society.

Figure 3. Isothermal section in the KoO-Al203-SiO2 diagram at 1200°C from Kingery ef al. [1] (Note: KAS; is the
composition K20-Al203-2S510z). Reproduced with permission of Wiley publishers, license # 4860380753214.

Figure 4. Compositions of samples KAS1 and KAS?2 illustrated on a K20-Al203-SiOz2 phase diagram[24]. Reproduced
with permission of Calphad, license # 4860380335995.

Figure 5. a. DSC curves for KASI1 glass in different heating rates (from 5°C/min to 40°C/min).

Figure 5. b. DSC curves for KAS1-Z glass in different heating rates (from 5°C/min to 40°C/min).

Figure 5. ¢. DSC curves for KAS2 glass in different heating rates (from 5°C/min to 40°C/min).

Figure 5. d. DSC curves for KAS2-Z glass in different heating rates (from 5°C/min to 40°C/min).

Figure 6. XRD patterns for as prepared glass samples of KAS1, KAS2, KAS1-Z and KAS2-Z.

Figure 7. a. XRD pattern for sample KAS2 heat treated at 1020°C for 10 mins.

Figure 7. b. XRD pattern for sample KAS2 heat treated at 1330°C for 10 mins.

Figure 8. a. XRD patterns for samples KAS1 heat treated at 1250°C from 5 minutes to 24 hours.

Figure 8. b. XRD patterns for samples KAS1-Z heat treated at 1250°C from 5 minutes to 24 hours.

Figure 8. c. XRD patterns for samples KAS2 heat treated at 1250°C from 5 minutes to 24 hours.

Figure 8. d. XRD patterns for samples KAS2-Z heat treated at 1250°C from 5 minutes to 24 hours.

Figure 9. a. Kissinger plots for non-isothermal crystallization of KA1SiO4 in sample KAS1.

Figure 9. b. Kissinger plots for non-isothermal crystallization of ZrO2 at ~1000°C and KAISiOs at ~1100°C in sample
KAS1-Z..

Figure 9. c. Kissinger plots for non-isothermal crystallization of y-Al2O3 at ~1000 °C and KAISi2O¢ at ~1300 °C in
sample KAS2.

Figure 9. d. Kissinger plots for non-isothermal crystallization of ZrO2 <1000°C, y-AL2Os at ~1000°C and KAISi2O at
~1300°C in sample KAS2-Z.
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