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Abstract

Stoichiometric nepheline (NaAlSiO4) glass was synthesized via the melt-quenching technique at 1650 °C for
3 h and prepared in two different forms: i) bulk glass, obtained by casting the melt into a graphite mould and
post annealing in a preheated furnace at 450 °C and ii) glass frit, obtained by quenching the crucible con-
taining the remaining melt in water and subsequent compacting. The obtained glass samples were subjected
to controlled crystallization at 1000 °C for 24 h. The thermal, structural and microstructural characteristics
were investigated using differential scanning calorimetry (DSC), X-ray diffraction (XRD), dilatometry, > Na
and *’Al MAS-NMR spectroscopy and scanning electron microscopy (SEM). The results confirmed the for-
mation of nepheline as the primary crystalline phase, with directional dendritic and prismatic morphologies
evident after heat treatment. Crystallization was dominated by surface nucleation mechanisms and an increase
in glass particle size of the frit was found to elevate the crystallization temperature. These findings provide
Jfundamental insights into the crystallization pathways of nepheline glass and establish its potential relevance
in future dental applications.
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I. Introduction particular emphasis on the effect of the Na:K ratio [5].
Increasing potassium content can promote the crys-
tallization of kalsilite (KAISiO4), while variations in
. . A ' > the Si:Al ratio may favour the formation of leucite
tions, including ceramics, coatings and structural mate- (KAISi,Og), albite (NaAlSizOy), or mixed feldspar-type

rials, due to their favourable thermal stability and chem- phases [6-8]. These compositional variations highlight
ical durability. Recently, attention has shifted toward ex- o sensitivity of nepheline-based systems to subtle

ploring their potential in biomedical fields, particularly  .pomical modifications, which in turn govern the crys-

in dental and medical applications, where the demand ;3¢ phases and microstructures that develop during
for durable glass-ceramic materials is growing. processing.

Nepheline is a sodium aluminos.il.icate (NaAlSiO,) Glass-ceramics containing nepheline in their struc-
st.ructu.rally derived from the s11}catf% . polqurph ture have attracted considerable attention due to their
tridymite [1]. It commonly occurs in silica-deficient jon-exchange capability (Na* < K*), which can sig-
feldspathoid minerals and often incorporates minor  pigeantly enhance their mechanical properties. For ex-
amounts of potassium, forrpmg composmons such a5 ample, ion-exchanged nepheline-based glass-ceramics
(Na,K)AISiOq [2]. Substitution of sodium by potassium have been reported to exhibit flexural strength in-
or calcium within the silicate framework has been re- creases from <200 MPa up to 2200 MPa [9]. Addition-
ported, influencing both structural stability and phase ally, nepheline-based glass-ceramics exhibit excellent
development [3,4]. Previous studies have partially ex- pomical. abrasion and stain resistance, low thermal
amined the solid-solution behaviour of nepheline, with expansion, low porosity and favourable aesthetic ap-

pearance, making them highly suitable for dental ap-
plications [10-14]. Naturally occurring nepheline has

Multi-component nepheline-based glass and glass-
ceramic systems are widely used in industrial applica-
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a Mohs hardness of 5.5-6.0, comparable to human
enamel [5,15], and refractive indices ranging from 1.52
to 1.54, closely matching those of enamel (1.63) and
dentine (1.54) [16]. Nepheline’s transparency to translu-
cency, with yellowish-white or colourless appearance,
further enhances its potential in aesthetic dental restora-
tions [17,18].

Although numerous studies have investigated com-
plex nepheline-containing compositions, relatively little
emphasis has been placed on stoichiometric nepheline
(NaAlSiOy) glass as a model system. Understanding its
crystallization behaviour and microstructural develop-
ment is critical to evaluating its suitability for biomed-
ical adaptation, since the performance of dental glass-
ceramics is closely linked to their crystalline phases and
microstructural characteristics.

The objective of this study is to synthesize, crys-
tallize and characterize stoichiometric nepheline glass
using highly pure reagents. By employing a compre-
hensive suite of characterization techniques, including
DSC, XRD, dilatometry, MAS-NMR and SEM, this
work aims to provide a detailed account of the structural
evolution and crystallization mechanisms in nepheline
glass. The insights gained will contribute to establishing
fundamental structure-property relationships, thereby
informing the potential translation of nepheline-based
glass systems into dental materials research.

II. Experimental

2.1. Glass synthesis

A glass with a chemical composition of 25 Na,O-
25 Al,03-50Si0, (mol%), representing the stoichio-
metric composition of nepheline, was synthesised us-
ing the melt-quench technique. The homogeneous mix-
ture containing high purity grades of silica (Si0,, 98%),
aluminium oxide (Al,03, 99.9%) and sodium carbonate
(NapCOs3, 99%) was prepared. The batch, correspond-
ing to 100 g of oxide glass, was melted in Pt-Rh crucible
in an electric furnace at 1650 °C for 3 h. The glass was
prepared in two different forms, namely bulk and frit.
The bulk glass was obtained by casting the melt into a
graphite mould measuring approximately 6 X 6 X 25 mm
for dilatometry analysis. The cast was then annealed in a
preheated furnace at 450 °C for 2 h. On the other hand,
the glass frit was obtained by quenching the crucible
containing the remaining melt in water. The resulting
glass frit was then dried, dry ball milled using alumina
milling media and compressed. Different meshs were
used and three frit samples, NAS <45, NAS 45-125 and
NAS >125, were prepared with different particle sizes,
i.e. <45, 45-125 and >125 um, respectively.

2.2. Crystallization of the prepared glass

Two forms of the same glass, bulk and dry com-
pressed frit, were selected for heating: i) the bulk glass
fragments cut from the annealed glass and ii) green body
specimens made from glass frit with particle sizes 45—
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125 um. The dry compression was done under a pres-
sure of 1bar for a period of 1min. Both compressed
frit and bulk glass were subjected to simultaneous ther-
mal treatment in the same furnace at 1000 °C for 24 h in
air, with a heating rate of 20 °C/min, starting and ending
at room temperature. The crystallized samples obtained
from the glass frit were used for X-ray diffraction and
nuclear magnetic resonance experiments.

2.3. Differential scanning calorimetry

Crystalline phase evolution in the glass has been in-
vestigated under non-isothermal conditions using dif-
ferential scanning calorimetry (DSC 204F1-Netzch),
with a temperature range from 25°C to a maximum
of 1200 °C, at a heating rate of 20 °C/min. Aluminium
oxide (Al,O3) has been used as a reference material
and a sample of 50 mg (+£0.5) has been measured in a
platinum crucible. The experiment was carried out in
a flowing nitrogen atmosphere set at 60 ml/min. In or-
der to understand the effect of surface area on heat flow,
the study investigated the crystallisation mechanism of
glasses obtained by using the frits with different particle
sizes (<45 wm, 45-125 um and >125 um) at a fixed heat-
ing rate of 20 °C/min. The calorimetric glass transition
temperature T, the maximum crystallisation tempera-
ture 7, and the endothermic 7, were obtained from the
DSC experiments.

Avrami analysis from DSC data

The crystallization kinetics of the synthesized
nepheline glass was evaluated using non-isothermal dif-
ferential scanning calorimetry (DSC) at a constant heat-
ing rate of 20 °C/min. The glass samples, obtained by
using the frits with different particle sizes (<45, 45-125
and >125 wm), were analysed to investigate the effect of
particle size on nucleation and growth mechanisms.

The relative crystallized fraction (X) at any tempera-
ture T was calculated from the DSC exotherm using:

b, (§) o

() ar

To
where T is onset crystallization temperature, 7 is fi-
nal crystallization temperature and dH/dT is DSC heat
flow. The Johnson-Mehl-Avrami-Kolmogorov (JMAK)
model was applied to describe the crystallization kinet-
ics:

X(T) = (1)

X(1) = 1 —exp(—K - ") 2)

where X () is fraction crystallized at time 7, K is overall
crystallization rate constant and n is Avrami exponent,
describing the nucleation and growth mechanism. For
non-isothermal conditions at constant heating rate (5):

T-T
t= 0
B

the equation can be linearized as:

3)
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In[~In(1 = X)] = n- In(¢) + In(K) 4)

By plotting In[— In(1 — X)] versus In(?), the slope of the
fitted line yields the Avrami exponent (1), and the inter-
cept provides In(K).

The Avrami exponent (n) provides insight into the
crystallization mechanism: n =~ 1 indicates one-
dimensional crystal growth with instantaneous nucle-
ation; n =~ 2 corresponds to two-dimensional growth or
sporadic nucleation; n = 3 suggests three-dimensional
bulk growth with uniform nucleation and n > 3 implies
three-dimensional growth accompanied by an increas-
ing nucleation rate [19].

2.4. Structural characterization

Dilatometric analysis was carried out using a differ-
ential dilatometer (DIL, 402PC, Netzsch, Germany) on
a rectangular glass rod measuring about 6 X 6 X 25 mm
(£0.5mm). The glass sample was heated in a flow-
ing nitrogen atmosphere (1 ml/min) at a heating rate of
3 °C/min from 25 to 1200 °C. The glass transition tem-
perature (7,), dilatometric softening point and coeffi-
cient of thermal expansion (CTE) were determined us-
ing thermal analysis software (NETZSCH Proteus 402
PC). The CTE data were extracted in the range of 100
to 500 °C.

X-ray diffraction was carried out on the glass be-
fore and after the heat treatment using an X-ray diffrac-
tometer (Panalytical X’Pert Pro, Netherlands), with
Cu-Ka radiation at wavelengths of 1.5405980 A and
1.5444260 A, operating at 45kV and 40mA. X-ray
diffraction data were collected in 260 = 5° to 70° range
with a step size of 0.0334° and a step time equivalent to
200s/°. The collected data were analysed using Match!
Fullprof software.

The heat treated bulk glass samples were mounted in
epoxy resin, polished to a mirror finish and then etched
in 0.5vol.% hydrofluoric acid for 0.5 min to partially
remove the glassy phase and improve image contrast.
The etched surface was then gold coated and viewed us-
ing a field emission scanning electron microscope (JSM
6300F, JEOL Ltd, SEM, UK).

23Na and ?’Al MAS-NMR spectra were collected on
the glass before and after heat treatment, using a Bruker
600 MHz (14.1T) nuclear magnetic resonance spec-
trometer. A single resonance Bruker probe was used in a
4 mm rotor. A resonance frequency of 159, 156 MHz, a
single pulse duration of 1 us and a recycle delay time of
1's were used for ’Na and ?’Al, respectively, at a spin

rate of 12 kHz. The isotopic chemical shifts for each nu-
cleus were referenced to O ppm using signals acquired
from the standard reference solutions, sodium chloride
(NaCl) and aluminium nitrate AI(NOj3)s3, respectively.
TopSpin 4.0.5 software was used to analyse the col-
lected data.

ITI. Results and discussion

3.1. Thermal behaviour

DSC analysis of the NAS 45-125 glass (Fig. 1)
showed typical glass behaviour, with clearly visible
glass transition temperature (7,), exothermic crystal-
lization peak (7,) and endothermic event. It can be seen
(Fig. 1) that the crystallization temperature of the ob-
tained glasses increases with particle size of the frit, and
is 973°C, 1027°C and 1095 °C for the samples NAS
<45, NAS 45-125 and NAS >125, respectively (Table
1). This indicates surface-dominated nucleation. The re-
duced glass transition temperature, (7,, = 0.67) con-
firms that surface crystallization is the primary devitrifi-
cation mechanism, consistent with literature for glasses
lacking internal nucleating agents [19,20].

Dilatometry of the bulk glass sample (Fig. 2) re-
vealed that glass transition temperature is 7, = 783 °C
and softening temperature is 877 °C (Table 1). The
coefficient of linear thermal expansion between 100—
500°C is 10.47 x 107°° K1, indicating low thermal ex-
pansion - a key property for dental restoratives to mini-
mize thermal mismatch. The synthesized stoichiomet-

<45 um
30 4 e 45-125 ym
—_——— >125um

20 A

Heat flow (mcal/s)

0 200 400 600 800 1000 1200
Temperature (°C)

Figure 1. DSC traces obtained at heating rate of 20 °C/min of
three glassy NaAlSiOy, prepared with frits with three
different glass particle sizes <45, 45-125 and >125 pm

showing the effect of surface area on the heat flow

Table 1. Extracted data from DSC and dilatometer: glass transition temperatures (T, ), softening temperatures (7';), maximum
peak for crystallization (7'.), melting temperature (7',,) and coefficient of thermal expansion (CTE)

. . T, [°C] T, [°C] T, [°C] T.[°C] T, [°C] CTE [K™!]
Sample Particle size . .
DSC dilatometer dilatometer DSC DSC (100-500°C)
NAS <45 <45 um 810 973 1207
NAS 45-125  45-125um 798 1027 1204
NAS >125 >125um 806 783 877 1095 1207 10.47 x 1076
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Figure 2. Dilatometry curve of the stoichiometric NaAlSiO4
glass (sample NAS >125)

ric nepheline glass is transparent and amorphous as
confirmed by XRD (Fig. 3a), whereas after heating at
1000 °C it transforms into pure tetragonal nepheline
phase (Fig. 3b).

3.2. Crystallization kinetics (Avrami analysis)

The crystallization behaviour of stoichiometric
nepheline glass was analysed using DSC at a con-
stant heating rate of 20 °C/min for the glass prepared
from three particle size fractions (<45, 45-125 and
>125 pm). The relative crystallized fraction (X) was de-
rived from DSC exotherms, and the Avrami model was
applied to evaluate the nucleation and growth mecha-
nisms. Figure 4 shows the Avrami plots of In[— In(1-X)]
versus In(?) for the samples NAS <45, NAS 45-125 and
NAS >125. The slopes represent the Avrami exponents
(n), revealing the crystallization mechanisms influenced
by particle size.

The calculated Avrami exponents (n) are all greater
than 4 (Table 2), indicating that crystallization proceeds
through a three-dimensional growth mechanism with
an increasing nucleation rate. The samples NAS <45
and NAS 45-125, prepared by frit with smaller particle

sizes, exhibit slightly lower n values compared to the
sample NAS >125 obtained by using frit with coarser
fraction. This indicates that finer glass particles nucle-
ate earlier, while larger particles enhance surface-driven
crystallization due to a lower surface-to-volume ratio.

These findings are consistent with SEM observa-
tions showing dendritic and prismatic crystal morpholo-
gies growing from the surface into the bulk. The in-
terlocked crystal structure contributes to the mechani-
cal reinforcement by limiting microcrack propagation,
which is highly desirable for dental glass-ceramic ap-
plications.

By controlling particle size and crystallization con-
ditions, the final microstructure can be tailored to
achieve specific performance targets. This optimization
is crucial for dental restorative applications where high
strength, thermal compatibility and aesthetic proper-
ties are required. The ability to obtain a homogeneous
nepheline crystalline phase with predictable nucleation
pathways supports its potential as a high-performance
dental glass-ceramic material.

Avrami Plot for Nepheline Glass Powders (B = 20 °C/min)

—e— <45um
—e— 45-125 um

—e— >125um
0.5F

0.0

-15}
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Figure 4. Dilatometry curve of the stoichiometric NaAlSiO4
glass (sample NAS >125)
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Figure 3. XRD patterns for stoichiometric NaAlSiOy glass before (a) and after heating at 1000 °C for 24 h (b) showing
amorphous glass and only nepheline crystalline phase after 24 h crystallizations
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Table 2. Avrami exponents (n) of glasses obtained by using frits with different particle sizes

Sample Particle size ~ Avrami exponent, n Crystallization mechanism
NAS <45 <45 um 4.93 3D growth with increasing nucleation rate
NAS 45-125  45-125um 4.76 3D growth with increasing nucleation rate
NAS >125 >125um 5.39 Accelerated 3D surface-driven growth
23Na(ppm) @1 |#Nappm) . ®1 | 274) (ppm) ©f | 27A1(ppm) %9, q @
116 25 60.5
-12.7
-19.0
-30.9
100 50 0 -50 -100 60 40 20 0 -20 -40 -60 120 90 60 30 0 -30 90 80 60 40 30
5 (ppm) 0 (ppm) S (ppm) 3 (ppm)
Figure 5. 2Na and ¥A1 MAS-NMR spectra of NAS 45-125 glass before (a,c) and after (b,d) crystallization at 1000 °C for 24 h

3.3. MAS-NMR analysis

Figure 5 present the *Na and >’Al MAS-NMR spec-
tra of the as-prepared glass displayed broad peaks at
—11.6ppm (**Na) and 60.5ppm (*’Al), characteristic
of amorphous aluminosilicates with Na* as charge-
compensating cation and Al predominantly in tetra-
hedral coordination. After crystallization at 1000 °C
for 24 h, *Na peaks shifted to —4.5 ppm, indicating a
more uniform arrangement of sodium in the crystalline
nepheline phase. >’Al spectra exhibited peaks at 59.6,
61.9 and 64.9 ppm, corresponding to tetrahedrally co-
ordinated aluminium in residual glass and nepheline.
These structural transformations support the formation
of a dominant crystalline phase while retaining a minor
amorphous fraction, crucial for balancing aesthetics and
mechanical strength in dental glass-ceramics.

The MAS-NMR data probe two quadrupolar nuclei
that are highly diagnostic for aluminosilicates: >’Al (I
= 5/2) and **Na (I = 3/2). In the as-prepared glass, the
2TAl peak at 60.5 ppm indicates tetrahedral Al[4] coor-
dination, while the **Na resonance at —11.6 ppm reflects
sodium acting as a charge-compensating cation within a
disordered network. After crystallization, multiple 2’Al
peaks at 59.6, 61.9 and 64.9 ppm arise from distinct
Al[4] sites in nepheline and residual glass fractions. The
»Na spectra shift to a dominant —4.5 ppm peak, evi-
dencing sodium incorporation into ordered framework
cavities of nepheline, while residual amorphous envi-
ronments persist, as indicated by broad negative shoul-
ders and a minor positive-shift feature near 2.5 ppm.

These spectral changes reflect structural ordering
during nepheline crystallization, with Na redistribu-
tion from charge-compensating glassy sites into well-
defined crystalline positions. Persistent residual glass
accounts for a fraction of unstructured Na environments.
The results are consistent with XRD patterns and SEM
observations showing dendritic and prismatic nepheline
growth interspersed with residual amorphous pockets.
This structural insight also supports potential ion ex-
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changeability of Na in near-surface regions, relevant for
strengthening treatments in dental applications.

3.4. Microstructure

SEM analysis of the crystallized bulk glass revealed
well-defined dendritic and prismatic nepheline crystals
extending from the surface into the bulk (Fig. 6). Thus,
the crystals exhibit core-shell type morphology, where
the “core” represents the early-formed, densely packed
nepheline nucleus with a highly ordered aluminosili-
cate structure. The “shell” consists of later-grown den-
dritic regions formed under diffusion-controlled condi-
tions, leading to more open and branching microstruc-
tures. This zoning reflects compositional gradients dur-
ing crystal growth. The observed interlocked crystal
structure enhances mechanical integrity and minimizes
microcrack propagation.

Surface cracks at the glass-crystal interface were at-
tributed to localized thermal stresses during crystal-
lization, but the crystalline interior remained crack-free
(Fig. 6). The inner region of the crystal that forms
first during nucleation acts as the starting point from
which the rest of the crystal grows. Crystal morpholo-
gies and growth mechanisms are consistent with den-
dritic, prismatic and hexagonal habits reported in miner-
alogical studies [32,33], providing microstructural rein-
forcement desirable for load-bearing dental restorations.

3.5. Dental relevance

The synthesized nepheline glass-ceramics exhibits
thermal stability, low thermal expansion, interlocked
crystal microstructure and controlled surface nucle-
ation, all of which are highly advantageous for dental
applications. Its Mohs hardness and optical properties
closely match those of enamel and dentine, supporting
wear resistance and aesthetic integration. Additionally,
the ion-exchange capability (Na* < K*) offers potential
for surface strengthening treatments, enhancing durabil-
ity in restorative systems such as crowns, bridges, and
veneers. Overall, the combination of structural, thermal



A.S. Alzahrani / Processing and Application of Ceramics 19 [4] (2025) 352—-358

Figure 6. SEM micrographs at different magnifications of stoichiometric NaAlSiO,4 bulk glass heat treated at 1000 °C for 24 h

and microstructural properties positions stoichiometric
nepheline glass as a promising candidate for future den-
tal glass-ceramic research [11].

The coefficient of thermal expansion (CTE) of the
synthesized nepheline glass, measured between 100 and
500 °C, was found to be 10.47 x 10"°K~!. This value
falls within the range commonly reported for dental
ceramics and glass-ceramics (~8-13 x 107 °K~1) [12].
Such compatibility is crucial as a CTE mismatch be-
tween the restorative material and veneering porcelains
(~9-12 x 107°K~") can lead to microcracking, interfa-
cial debonding, or catastrophic failure. The CTE value
of nepheline glass synthesized in this study therefore in-
dicates promising potential for dental applications, par-
ticularly as a candidate glass-ceramic framework or as a
reinforcing phase in composite dental materials.

IV. Conclusions

Stoichiometric nepheline (NaAISiO,) glass was suc-
cessfully synthesized via the melt-quenching method
and crystallized through controlled heat treatment at
1000 °C for 24 h. Thermal analysis confirmed high glass
transition and crystallization temperatures, with surface
nucleation as the dominant devitrification mechanism.
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MAS-NMR and XRD analyses demonstrated the for-
mation of a single-phase nepheline crystalline structure
while retaining a minor residual amorphous fraction,
and SEM revealed well-defined dendritic and prismatic
interlocked crystal morphologies.

The synthesized nepheline glass-ceramics exhibits a
combination of favourable properties - including low
thermal expansion, high thermal stability, mechanical
robustness and structural homogeneity - that are di-
rectly relevant to dental applications. Its hardness, op-
tical transparency and refractive index closely match
those of natural enamel and dentine, supporting both
wear resistance and aesthetic integration. Furthermore,
the potential for ion-exchange surface strengthening en-
hances its suitability for durable dental restoratives such
as crowns, bridges and veneers.

Overall, this study provides fundamental insights into
the structure-property relationships of stoichiometric
nepheline glass, establishing a foundation for future
research and development of nepheline-based glass-
ceramic materials for advanced dental applications.

Acknowledgement: The author would like to acknowl-
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