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Abstract 
 
Objectives: To optimise the nucleation mechanism in leucite glass-ceramics to allow 

more efficacious glass-ceramic manufacture and improvements in microstructure and 

mechanical reliability. 

Materials and Methods: An alumino-silicate glass was designed and synthesised 

using melt quench methods. The glass was crushed and milled using various milling 

times (48-93h) and spray drying. Nucleation and growth heat treatment schedules 

were applied to synthesize glass-ceramics. Glass/ glass-ceramic powders and frit 

specimens were characterised using differential scanning calorimetry (DSC), 

transmission electron microscopy (TEM), energy-dispersive X-ray spectrometry 

(EDX), magic angle spinning nuclear magnetic resonance Spectroscopy (MAS-NMR) 

and X-Ray diffraction analyses (XRD). Glass-ceramic specimens were tested using 

the biaxial flexural strength test (BFS).  

Results: Application of defined nucleation heat treatments resulted in the synthesis of 

Na/Ca titanates. NMR indicated changes to the 23Na glass spectra in the nucleated 

glass and TEM/EDX the presence of Na/Ca/Ti domains (<200nm) within the leucite 

crystals and associated with the nucleation of the leucite phase. XRD confirmed the 

presence of a bulk leucite phase in the glass-ceramics. SEM/TEM confirmed the 

crystallisation of the leucite phase (65.5-69.3%) in a thermally matched glass, in 

conjunction with the nano Na/Ca titanate phase. The leucite glass-ceramics resulted 

in a high BFS (255-268 MPa), with reduction in powder milling time prior to heat 

treatments having no significant effect on flexural strength and reliability (p>0.05). 
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Significance: Na/Ca titanates were synthesised in leucite glass-ceramics for the first 

time and associated with its nucleation and efficacious growth. This nucleation 

optimisation provides opportunities for more efficient manufacturing and 

microstructural/ mechanical reliability improvements. Improved synthesis of high 

strength/reliable leucite glass-ceramics is useful for construction of aesthetic minimally 

invasive restorations. 

 

Key Words: Glass-ceramic, X-ray Diffraction, Transmission electron microscopy, 

Tetragonal Leucite, Flexural strength, Crystallisation, NMR. 
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1. Introduction 
 
Glass-ceramics are widely used in biomedical and industrial applications and their 

efficient, low-cost synthesis are important parameters to consider when scaling new 

materials for dental applications. The production of mainstream glass-ceramics is via 

a high temperature melt/quench synthesis of glasses and their subsequent heat 

treatments, to control the crystal phase and the residual glass. Careful control of these 

processes is important as they can influence the chemical, thermal, mechanical, 

biological and optical properties of the final glass-ceramic [1], which has implications 

for their clinical performance and the patient acceptance of these materials. In 

particular, leucite glass-ceramics are used in dentistry for the construction of all-

ceramic restorations including crowns, inlays and veneers and for fusing to metal 

substrates to produce porcelain fused to metal bridges, implants and crowns [2]. 

 

Glass-ceramics are synthesised by the controlled nucleation and crystallisation of the 

produced glass [3], so that a high-volume fraction of fine crystals can be produced 

which are thermally compatible with residual glass phase. They are produced via a 

surface or bulk crystallisation process, with the former being the most prevalent [4]. 

The literature indicates leucite glass-ceramics can be crystallised via a surface 

crystallisation mechanism [5]. There is however also experimental evidence to suggest 

that these processes can happen sequentially according to specific glass powder sizes 

in leucite glass-ceramics [6].  

 

The current authors previously utilised surface crystallisation mechanisms to reduce 

crystal size and increase crystal area fraction (24.9-29.3%), creating fine (< 1µm2) and 
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nano-sized (< 0.1µm2) leucite glass-ceramics [7, 8] with high flexural strengths (253.8-

255.0 MPa) and producing low enamel wear [9]. These formulations however 

contained very low quantities of titanium dioxide (0.3 mol%), which is a copious 

nucleating agent used successfully in many glass systems to effect bulk crystallisation. 

This is due to its ability to induce phase separation by its displacement from the glass 

network, in combination with a divalent cation, and effecting a change in its 

coordination state. The resultant structural changes to the local glass network and 

medium range reorganisation encourages nucleation [10]. A number of precursor 

titanate phases have also been associated with the efficacious crystal growth of other 

glass-ceramic systems [11, 12].  

 

The aim of the study is therefore to synthesise a novel aluminosilicate glass designed 

using Appen factors with increased TiO2 content [13], to induce any potential titanate 

phase formation found in other glass-ceramic systems in order to optimise the 

nucleation process. Optimisation of the nucleation mechanism in surface crystallised 

leucite glass-ceramics may allow more efficacious glass-ceramic manufacture and 

improvements in the microstructure and mechanical reliability. 
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2. Materials and Methods 

 

2.1 Glass Synthesis 

An alumino-silicate glass was commercially synthesized (Cera Dynamics Ltd, Stoke-

on-Trent, UK) by heating reagents in a high temperature custom made furnace (James 

Kent, UK) at 10°C/min to 1550°C (5 h hold). The glass was of the following X-ray 

fluorescence (based on BSEN ISO 12677:2011) composition (mol %); SiO2 (69.4 %), 

Al2O3 (10.5 %), K2O (12.0 %), CaO (1.8 %), TiO2 (1.3 %), Na2O (2.4 %), Li2O (1.9 

%), B2O3 (0.7 %). The glass frit was quenched in water and ball milled using a two-

stage industrial process, with second stage intervals up to 93 h, followed by spray 

drying (Niro Atomizer, Denmark) of one of the powders. Glass frit specimens were also 

retained for later analysis. Ball milled (48h, 71h and 93h) and ball milled and spray 

dried powders (93h) were used to produce glass-ceramics for flexural strength testing. 

 

2.2 DSC Nucleation experiment 

The spray dried glass powder (93h) was characterized using a DSC (Stanton Redcroft 

DSC 1500, Rheometric Scientific, Epsom, UK), with matched pairs of platinum-

rhodium crucibles and alumina used as the reference material. To establish the 

optimum nucleation temperature, powder samples (50 mg per sample) were run from 

25°C to 582°, 592°C, 602°C, 612°C, 622°C or 632°C with a 1h hold, and then ramped 

to 1100°C (no hold), at a heating rate of 20°C/min.  
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2.3 Glass-ceramic synthesis 

Refractory trays were produced using investment powder and liquid (IPS press Vest 

speed, Lot no: Powder TL3033 and Liquid TL3022, Ivoclar-Vivadent, Schaan, 

Liechtenstein) vacuum mixed, set and pre-heated (850°C) according to the 

manufacturers’ instructions. The ball milled glass powders (Grp 1; 48h, Grp 2; 71h 

and Grp 3; 93h) and Grp 4; ball milled and spray dried, 93h) were placed into the 

refractory trays and heated in a furnace (Lenton 1600, Hope Valley, UK) at 10°C/ min 

to 592 °C (1 h hold), then ramped at 10°C/min to 1040°C (30 min hold) and air 

quenched. This heat treatment was used for all mechanical testing and SEI analysis 

specimens in this paper. The heat-treated glass-ceramic powders were next ball-

milled for 1h and screened through a 125 µm sieve (Endescott Ltd, London, UK). 

The 93h spray dried glass was also heated from 25°C to 602°C (1h hold), at 20°C/min, 

then ramped up to 1040°C (30 min hold) before air quenching for TEM analysis only. 

 

2.4  Test specimen fabrication 

The group 1-4 glass-ceramic powders (1.1g) were mixed with 0.4mls modelling liquid 

(Build-up, IPS Classic N, Ivoclar-Vivadent, Lot no: P75211) and used to fabricate disc 

specimens (2 mm thickness x 14 mm diameter) using a cylindrical steel mold with 

plunger (16 mm in diameter) under a hydraulic press at 1 bar pressure for 1 min. The 

compacts were sintered under partial vacuum in a porcelain furnace (Multimatt MCII, 

Dentsply, Konstanz, Germany) from 538 C to 1040 °C (38 C/min ramp) with a 2 min 

hold. Disc specimens were next wet ground with P1000 grade silicon carbide paper.  
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2.5  Biaxial Flexural Strength Testing 

The ball-on-ring test was used to test the biaxial flexural strength (BFS) of the glass-

ceramic disc specimens (groups 1-4) prepared as explained in section 2.4. Disc 

specimens (n=30 per group, 2 mm depth x 14 mm diameter) were placed on a 10 mm 

diameter knife-edge ring support and centrally loaded with a 4 mm diameter spherical 

ball indenter at a crosshead speed of 1 mm/min until specimen failure. The BFS was 

calculated using the Timoshenko and Woinowsky-Krieger equation [14]:  

 

σ max = P/h2 {(1+ν) [0.485xln(a/h)+0.52]+0.48} 

 

Where σ max is the maximum tensile stress; P is the load at fracture; h the specimen 

thickness; a is the radius of knife-edge ring support and ν is Poisson’s ratio (taken as 

0.25) [15]. Test groups were compared using a One-way ANOVA (Sigma Stat, version 

2.03, SPSS Inc., Chicago, USA) and the Holm-Sidak method (p< 0.05). Weibull 

analysis (Supersmith software version 5, Fulton Findings, USA) was used to calculate 

the Weibull modulus and characteristic strength. The equation of the Weibull two- 

parameter distribution function used was: 

])(exp[1
0

m
fP

σ
σ

−−=  

Where fP  is the probability of failure; σσ  is the strength at a given fP value; 0σ  is the 

characteristic strength and m  is the Weibull modulus. Test groups were compared 

according to the overlap of their double-sided confidence intervals at the 95% level.  
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2.7  Transmission electron microscopy 

Transmission electron microscopy (TEM) analysis of the glass and glass-ceramic 

samples was performed using a Titan3 80-300 electron microscope (Thermo Fisher 

Scientific - FEI company, Hillsboro, Oregon, USA), with an acceleration voltage of 300 

kV. Glass frit samples were analysed before and after the 592°C (1h hold), and 602°C 

(1h hold) nucleation heat treatments. The glass-ceramic specimens produced in 

section 2.3 (93h milled, spray dried) were also analysed. Scanning TEM (STEM) was 

also carried out to image the samples, making use of a high-angle annular dark field 

(HAADF) detector (Model 3000, Fischione, Export, Pensylvania, USA). 

Energy dispersive X-Ray analyses (EDXS) were performed using a Super-X EDX 

detector that was equipped with four SDD detectors (FEI), to collect lateral distribution 

mappings of chosen elements. These element distribution mappings were derived by 

evaluating the lateral distribution of the peak intensity, i.e. the area underlying the Kα 

edges of the analysed elements, with an automatic routine provided by the software 

(Esprit, Bruker, Germany). EDX-based quantitation (Cliff-Lorimer approach, spectrum 

peak deconvolution with Bayes algorithm) of the composition of chosen sub-areas of 

some of these element distribution mappings was also done. The elements Li and B 

were not considered for distribution mapping and quantitation due to their low EDX 

detection limit. The (S)TEM sample preparation was carried out using a mechanical 

wedge-polishing routine (MultiprepTM polishing system, Allied high Tech products Inc, 

Rancho Dominguez, CA., USA) followed by a low-energy (2.5 keV) Ar+ broad beam 

final milling step (precision ion polishing system (PIPS), Gatan Inc., Pleasanton, 

CA.,USA), to achieve electron transparency as well as to remove any residue from the 

mechanical polishing. 
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2.8 Secondary Electron Imaging (SEI) 

Glass-ceramic specimens were polished to 1µm alumina micropolish (Lot no: 0335-

0275, Buehler, Coventry, UK) and etched using 0.1% hydrofluoric acid for 60 s. 

Specimens were gold coated using a sputter coater (Agar Scientific Ltd., UK) for 30 s 

at 40 mA and imaged using a field emission scanning electron microscope (FEI 

Inspect F, Hillsboro, Oregon, USA), using secondary electron imaging. Quantitative 

image analysis (Sigma Scan Pro 5.0, Systat Software, Inc., Chicago, IL, USA) was 

used on the SEM photomicrographs to ascertain (× 3500 magnification, area =2255 

μm2) the particle size and area fraction.  

 

2.9 X-ray Diffraction Analysis 

The glass powders before and after crystallisation heat treatments were analysed 

using a Panalytical X’Pert Pro powder diffractometer (Panalytical B.V., Almelo, The 

Netherlands). CuKα radiation was used with the tube powered at 45 kV and 40 mA. 

Data was collected continuously with an X’Celerator solid state multistrip detector from 

5° to 70° (2 Ɵ range) with a step size of 0.0334° and a step time of 200.03 s. Calibration 

was carried out using NIST standard reference material 660 a (lanthanum 

hexaboride). To identify the crystalline phases, diffraction patterns were compared 

with tetragonal leucite (ICDD: 00-038-1423), using the ICDD PDF2 database 

(Newtown Square, PA, USA) and X’Pert Plus software (version 1.0, Philips Analytical, 

The Netherlands). 
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2.10 Solid state MAS-NMR 

The glass powders before and after heat treatment were analysed using solid state 

23Na and 27Al MAS-NMR. The experiments were run on a Bruker Avance NEO 

600MHz spectrometer at 14.1 T magnetic field. The 23Na and 27Al NMR experiments 

were run at 158.7MHz and 156.4MHz resonance frequencies respectively using the 

double resonance Bruker probe. The samples were packed in 2.5mm outer diameter 

zirconia rotors and spun at 20 kHz. 27Al MAS-NMR experiments were run using a short 

pulse length of 0.5µs and 0.5s recycle delay. The spectra were referenced using a 

1mol solution of Al (NO3)3. 23Na MAS-NMR experiments were run using a short pulse 

length 0.5µs and 4s recycle delay. The spectra were referenced using a 1mol solution 

of NaCl. 
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3. Results 

 

3.1  Differential thermal analysis Results 

The results of the DSC nucleation experiment are shown in Figure 1, exhibiting a 

maximum at ≈ 602°C. An experiment was also carried out to assess the hold time (0.5, 

1, 2 and 3h) at the nucleation temperature and 1 h was found to be the most 

efficacious. 

 

3.2  Biaxial flexural strength results 

The results of the BFS tests are listed in Table 1. The Mean BFS and characteristic 

strength values for the experimental leucite glass-ceramics (groups 1, 2, 3 and 4) were 

not significantly different (p>0.05, Table1). There was no significant difference 

between Weibull modulus values for any of the experimental test groups, except 

between groups 3 and 4 according to the overlap of their 95% double-sided confidence 

intervals (Table 1).  

 

3.3 Transmission electron microscopy Results 

The results of TEM are illustrated in Figures 2 a-i. The frit specimen (no heat treatment) 

after ion beam thinning (Figs. 2a-b) indicated the glass was homogeneous on the 

nanoscale. Following heat treatment at 592°C (1h hold) the glass frit showed visual 

signs of phase separation (Fig. 2c). EDX revealed little differences in Ti, Ca and Na 

but with a reduction in Al, Si and O in these areas compared with the rest of the glass. 

In contrast, the nucleation sample (602°C, 1h hold) indicated signs of dense inclusions 

in the TEM bright field image (Fig. 2d). In the TEM bright field contrast mode, the 

appearance of such darker sample areas, like these inclusions, are due to either 
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absorption (i.e., in dense sample areas, like inclusions in Fig. 2d, the primary electron 

beam is more strongly absorbed), and thus less intensity is detected by the camera, 

resulting in a dark contrast, and/or due to diffraction of the primary beam (i.e., the 

primary beam gets diffracted by the lattice planes of well-aligned crystalline sample 

areas and is, according to that diffraction, not able to pass the objective aperture and 

reach the camera). In the dark field TEM mode, the said objective aperture is moved 

in such a way that only diffracted beams can pass it and contribute to the image 

formation on the camera. In Fig. 2e, the same sample area as shown in Fig. 2d was 

imaged in the dark field TEM mode. It can be seen that some of the dense inclusions, 

which appear dark in Fig. 2d, appear bright in Fig. 2e. This is an indication that these 

inclusions are crystalline. Analysis of these crystallites and associated areas (Fig. 2f), 

using EDX was not conclusive due to their decomposition during the analysis. 

Further heat treatment of the glasses following the nucleation step (592°C/1h ramped 

to 1040 °C, 30 min hold) resulted in the crystallization of fine tetragonal leucite crystals 

in the glassy matrix (Fig. 2g). There was no visible microcracking in the glassy matrix 

(Figs 2 h-i; 3a, c-d) and this was restricted to the crystals (Fig. 3c). Crystal twinning 

was in evidence in the leucite crystallites (Figs. 2g-i, 3a, c-d). The lattice distance d 

found in the HR-TEM images (Fig. 3b) is d ≈ 0,344 nm and d ≈ 0,342 nm (Fig. 3e) is 

within the limitations of error, for the lattice distance of the [004] direction in tetragonal 

leucite (d = 0,344 nm) [16].  
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EDX Analysis Results 

The EDX spectra for both the crystalline and residual glass phases are shown in Figure 

4 and Table 2. The elemental composition of the crystal phase closely matched the 

ratios for the leucite crystal phase [K(AlSi2O6)]. The residual glass appeared to be 

enriched in CaO, TiO2, and Na2O (Figs. 4, 5a, Table 2), compared with the starting 

glass composition. Domains in the leucite crystals were composed of Ca, Ti and Na 

(Fig. 5b, c). 

 

3.4 Secondary Electron Imaging Results 

The results of the SEM study indicated a high area fraction (65.5-69.3%) of tetragonal 

leucite crystals evenly distributed in the glassy matrix for the experimental glass-

ceramics. The Mean (SD) leucite crystal size /area fraction of the glass-ceramic 

groups were; Grp 1: 0.85 (0.59) µm2 /65.5%; Grp 2: 0.74 (0.48) µm2/67.4%; Grp 3: 

0.62 (0.42) µm2/69.3% and Grp 4: 0.599 (0.40) µm2/68.4%. 

 

3.5 X-ray Diffraction Results 
 
Results of the X-ray diffraction indicated an amorphous glass for the spray dried 

powders (93h) before and after the 602°C 1-h hold heat treatment (Fig 6a). The glass 

frit specimen (602°C 1-h) was similarly largely amorphous after the nucleation hold but 

with a small peak at 26.7° 2-theta (Fig. 6b). Tetragonal leucite was identified as the 

bulk crystal phase following all crystallisation heat treatments (Fig. 6c). 
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3.6 Solid state MAS-NMR Results 
 
Figure 7a presents 27Al MAS-NMR spectra of the glass-ceramic sample (a) versus the 

samples partially heat-treated at the temperatures around Tg (602°C (b) and 592°C 

(c)) for 1 hour and the original glass powder (d). The spectrum of the glass-ceramic 

revealed two resolved resonance positions at 67 and 59.7ppm. The signals are 

partially overlapped with the third feature can be partially seen as a shoulder at around 

63ppm. This line shape of three partially overlapped sites within a one-dimensional 

27Al MAS-NMR spectrum is characteristic of the tetragonal leucite phase [17, 18]. The 

spectra of the two partially heat-treated samples (602°C /1h (b) and 592°C/1h (c)) are 

practically identical to the spectrum of the original glass (d). All three spectra exhibit a 

relatively broad line at the centre of gravity at 56.5ppm. The position of the line 

indicates that all aluminium species in the glass and partially heat-treated samples are 

four-coordinated Al(IV). The peculiar tail on the right-hand site of the 27Al signal in the 

glass-ceramic (spectrum a) indicates the presence of the tetrahedral amorphous 

aluminium species Al(IV), in addition to those in the leucite crystals. 

Figure 7b shows 23Na MAS-NMR spectra for the experimental samples (a-d). No sharp 

lines were seen in the spectra that can be attributed to a crystalline species. All the 

spectra showed relatively broad line shapes, potentially resulting from strongly 

overlapping contributions. The gravity centre of the signal recorded for the glass 

sample (d) was at -5.1ppm and the line width was the narrowest of all four spectra. 

The spectra of the two partially heat-treated samples (b, c) are practically identical with 

the gravity centre at -9.8 ppm and the signals recorded were broader than the glass 

spectrum. The 23Na signal of the glass-ceramic samples (a) showed the broadest line 

with the centre at -10.6ppm. 
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4. Discussion  

In the current work the starting glass, nucleated glass powders and frit specimen 

(592°C 1h hold) were largely amorphous (Figs 6 a-b), with signs of phase separation 

(Fig 2c, e). EDX was however inconclusive due to decomposition of these areas during 

analysis. A nucleation and growth process producing phase separated domains, 

random in size and low in connectivity could be responsible, including later stage 

coarsening (19, 20). The TiO2 (1.3 mol%) content in the glass causing the generation 

of different Ti coordination states (4-6) [21], with the 6-coordinated species associated 

with alkali or alkali earth ions such as Ca2+ being displaced from the glass network. 

During nucleation, these changes in TiO2 coordination state can produce a more local 

medium range glass order and progressing to nano crystallisation [10]. The nucleation 

density and phase crystallisation can therefore be enhanced via titanium rich domains, 

concluding in fine-grained glass-ceramics [22]. Cormier et al., [23] indicated major 

changes in Ti coordination state during nucleation were changes to [6]Ti in the 

crystalline phases and the [4]Ti in the remaining glassy matrix, with implications that 

glassy matrix structural and compositional changes might influence nucleation 

efficacy.  

 

Small inclusions (Fig. 2d-e) appeared present in the glass frit specimen (602°C, 1h 

hold) and a small peak was visible in the XRD Plot at 26.7 2-theta (Fig. 6b), which was 

insufficient to identify a crystal phase. TEM dark field imaging is based on elastic 

scattering (diffraction) at crystal lattice planes and indicated that these areas might be 

crystallites (approximately 20-50 nm diameter, Fig. 2e), with a density of ≈200 crystals 

per µm3. These crystallites were closely associated with the earlier visual phase 
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separation and with the increase in nucleation temperature (10°C) at the same hold 

time (1h) allowing this progression.  

 

In other glass systems (MgO–Al2O3–SiO2) TiO2 is associated with the development 

of amorphous phases or titanates dependent on heat treatment conditions [24]. 

Titanium oxide plays a part in structural glass rearrangement due to its edge sharing 

linkages, forming complexes which are precursors to titanate formation, since only 

small atomic diffusion is necessary and structural rearrangements accommodated 

[10]. Phase zones in conjunction with primary crystallites (Fig. 2f) were found, but 

without conclusive elemental data. Fully mature crystallites following crystallisation 

however indicated the presence of embedded spherical domains rich in Ti, Ca and Na 

(Figs. 5b, c). Phase separated domains containing Ti and Ca were previously 

associated with the crystallisation of leucite [19, 25]. The current work clearly identifies 

the presence of a Ca-Na titanate phase within the crystal, which corresponds to neither 

a sodium titanate (Na2Ti3O7 or Na2Ti6O13) or calcium titanate (CaTiO3) but may be a 

solid solution. It is interesting to note that the 23Na spectrum of the original glass was 

different from all the heat-treated samples including those partially heat treated 

(592°C/1h or 602°C/1h) around the nucleation temperature and the final glass-ceramic 

sample, which were similar (Fig 7b). This indicates the sodium cations undergo 

transformation early during the nucleation stage. The shift to the negative values in 

peak position of the 23Na spectra can be attributed to increase in coordination number 

of the cation and/or increase in Na-O bond length [26]. Broadening of the 23Na signal 

in the heat treated samples compared to the glass spectrum (Fig 7b) can be attributed 

to emerging of an additional intensity on the right hand side of the glass signal, 

resulting from the sodium species with different environment, compared to those 
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present in the original glass. This can also lead to a negative shift in the peak position 

of the broad signal as observed in the 23Na spectra (Fig 7b).  

 

Calcium titanate compounds can be successfully substituted with structural changes 

dependant on alkali content [27, 28]. Crystal (apatite) growth was previously 

demonstrated on nano-crystalline sodium/calcium titanates in the form of nanobelts 

[29]. The current synthesised leucite crystals all appear to contain these unique Na-

Ca titanate inclusions (Figs 2 g, h, i, 3a, c, f), where the main phase may have grown 

heterogeneously in close association with the new titanate phase. Several authors 

have demonstrated epitaxial relationships between a nucleating primary titanate 

phase (Zr or Ti based) and the main crystal phase (quartz and lithium disilicate 

systems) and its importance [12, 30]. Zanotto [31] indicated the possibility of volume 

crystallisation via heterogeneous internal nucleation of impurities or secondary phases 

in surface nucleated systems. Fine grained leucite glass-ceramics (0.6-1.2 um) were 

successfully synthesized by the addition of nano-sized leucite seeds, with no transition 

product and bypassing nucleation via a template driven process [32]. The current 

synthesized Na-Ca titanate seeds appear to produce an interface for leucite growth 

(Fig. 2f) and it is likely that the local glass composition close to this phase has a 

different chemistry. Since Ca, Ti and Na are incorporated into these crystallites, it can 

be assumed that the glass volume that directly surrounded these areas initially had a 

larger concentration in K2O and Al2O3 than the original glass, providing favorable 

conditions for the crystallization of leucite. The 27Al MAS-NMR spectra (Fig. 7a) 

revealed that the aluminium environment in the glass did not change on nucleation 

heat treatment regardless of the temperature, with the four-coordinated Al(IV) species 



19 
 

present. This would allow ease of structural reorganisation for crystallisation, due to 

reduction of the kinetic barrier for nucleation and the surface energy [33].  

 

Following crystallization, EDX of the crystal phase indicated elemental compositional 

ratios related (Figs. 4, Table 2) to the leucite crystal phase K(AlSi2O6). The one-

dimensional 27Al MAS-NMR spectrum (Fig 7a) and XRD confirmed the crystallisation 

of a bulk tetragonal leucite phase (Fig 6c). There was also a reduction in K2O and 

Al2O3 for the residual glass compared with the original glass before heat treatments 

(Table 2). Calculations using Appen factors [34] indicate a reduction in network 

connectivity from 3.89 to 3.83 (3.80, assuming the presence of Li2O and B2O3) in the 

residual glass. The increased modifier content in the residual glass may have 

encouraged wetting of the leucite crystals, via reduction in glass network connectivity 

and viscosity. The estimated residual glass TEC was also raised by 0.11 x10-6 K-1 

compared with the original glass formulation (assuming the presence of Li2O and 

B2O3), which appears to have encouraged thermal compatibility of the glass and 

crystal phase. The TEM images confirmed the TEC of the residual glass was matched 

with the crystal phase and it appeared in compression, since microcracks were only 

present in the leucite crystals (Figs. 2h-i and 3c). These nanoscale images also 

confirmed earlier work by Mackert et al. [35] regarding a critical leucite crystal size (<4 

microns) to avoid matrix microcracking. Incorporation of the titanate phases during the 

crystallisation process may also have influenced the thermal match with the glassy 

matrix, modifying the stress distribution or any relaxation during the cubic to tetragonal 

leucite transformation. The unmatched lattice parameters [36] between the two phases 

leading to either strain accommodation or dislocation defects. There is also the 

possibility of lattice parameter substitutions in CaTiO3 causing unit cell distortions 
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complicating this process. The thermal and mechanical properties could therefore be 

influenced, but the magnitude of these effects is unknown and needs further 

evaluation. 

 

The glass composition and preparation produced a high area fraction (65.5-69.3%) of 

controlled leucite crystallisation when compared with earlier work (29.3%) [6, 7]. The 

fine leucite crystals (Mean (SD) =0.599 (0.40) µm2) were in close proximity to each 

other (Figs. 2g-i), but not exhibiting the effects of coarsening or matrix microcracking. 

An explanation may be formation of a “cellular membrane” (termed by Beall, [37]) 

around the crystallites, since the developing leucite phase was lower in silica content 

than the starting glass composition. This stable glass film was cited as preventing grain 

impingement, secondary grain growth and subsequent microcracking [37]. The leucite 

glass-ceramics in the current study were also highly translucent (estimated glass 

refractive index (RI)= 1.51, Leucite RI= 1.5) [38], making them a suitable candidate for 

aesthetic ceramic restorations.  

 

In the leucite system the growth of crystallites on seeds of a chemically similar glass 

demonstrated the catalytic effect of seeding, using the reactive surfaces of glass 

particles [5]. Leucite glass-ceramics are well known as a surface nucleated system, 

with commercial materials (heat extruded/ machinable varieties) yielding flexural 

strengths of 160-165.5 MPa [7, 39]. Modification to glass powder size via attritor milling 

prior to crystallisation was previously effective in reducing crystal size and increasing 

the flexural strength to 225.4-255.0 MPa [7, 8]. Longer milling times using YTZP milling 

media can however increase contamination (Y, Zr, Hf), leading to strength reductions 

[7]. Reduction in industrial milling time (≤45h) in the current formulation did not affect 
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the Mean BFS, characteristic strength and the high reliability (m=13.1, Table 1) was 

not significantly reduced. The experimental leucite glass-ceramics in this study also 

benefitted from significantly (p< 0.001) higher Mean BFS than commercial leucite 

glass-ceramics (Ceramco 3, IPS Empress Esthetic) tested previously [7, 8]. A spray 

drying process was added to one of the current milled glass groups to narrow the glass 

particle size, and with the intention of influencing the surface crystallisation. This 

however resulted in a significant decrease in the Weibull modulus (Table 1), indicating 

that further crystallisation optimisation was not achieved.  

 

The heterogeneous growth of the leucite phase on a bulk Na/Ca titanate phase has 

never been reported for the surface crystallised leucite phase and produced high Mean 

BFS (258-267 MPa) and reliability in this study. Importantly, Flexural strengths of 

Mean (SD) 109.0 (10.7) MPa were achieved when growing the leucite crystals on 

leucite nano-seeds [40], indicating that the growth of the current titanate transition 

phase in glass situ and its relationship with the glassy matrix are key to its efficient 

synthesis and control of the mechanical properties. This is an important step in the 

efficient manufacturing of this useful material that has had successful clinical 

outcomes (98.9% survival at 11 years) in the anterior region [41]. Further work may 

reduce the dependence of these materials on powder processing to control the size 

and volume fraction of the crystallised phase. Controlled internal nucleation could be 

utilised to control or enhance the crystallisation process in leucite glass ceramics and 

the ease of glass-ceramic manufacture.  

 

This paper demonstrates for the first time the synthesis of Na/Ca titanates and their 

association with the efficacious nucleation and growth of a leucite glass-ceramic of 
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high crystal density and flexural strength. The research significance is optimisation of 

the nucleation mechanism in leucite glass-ceramics provides opportunities for more 

efficient manufacturing and microstructural/mechanical property improvements. 

Improved synthesis of these high strength and reliable leucite glass-ceramics is useful 

for construction of aesthetic minimally invasive restorations.  
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Tables 
 
 
Table 1 

 

 

 
 
 

 
 
 
  

Groups Mean BFS 
MPa (SD) 

m 
value 

C.I for m 
(95%) 

σ0 
(MPa) 

C.I. for σ0 
(95%) 

𝑟𝑟2 

Group 1 
Experimental 
Leucite glass-

ceramic  
(48h mill) 

 
262.1 (31.5) a 

 
9.7 ab 

 
7.69-12.31 

 
275.4 a 

 
266.6 - 284.5 

 
0.983 

Group 2 
Experimental 
Leucite glass-

ceramic  
(71h mill) 

 
268.1 (24.4) a 

 
13.1 ab 

 
10.51-16.33 

 
278.5 a 

 
271.8 - 285.3 

 
0.94 

Group 3: 
Experimental 
Leucite glass-

ceramic  
(93h mill) 

 
258.4 (23.3) a 

 
13.3 a 

 
10.62 - 16.56 

 
268.1a 

 
262 - 274.8 

 
0.973 

Group 4: 
Experimental 
Leucite glass-

ceramic  
(93h mill, SPD) 

 
255.9 (35) a 

 
8.3 b 

 
6.5 - 10.55 

 
270.9 a 

 
260.8 - 281.5 

 
0.987 

* Significant differences indicated by different superscript letters, m = Weibull modulus; σ0 = Characteristic 
strength, C.I. = confidence intervals. SPD = spray dried powder. 
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Table 2 
 
 
Elements 
(mol %) 

 

SiO2 

 

Al2O3 

 

K2O 

 

CaO 

 

TiO2 

 

Na2O 

 

Li2O 

 

B2O3 

Residual 
glass 

69.0 8.0 9.1 4.8 4.0 4.9 - - 

Leucite 
Crystal 

59.0 21.5 19.1 0.2 - 0.2 - - 

Compositions expressed in mol %, Li2O and B2O3 were not analysed. 
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LIST OF FIGURES 
 
 
 
Figure 1, DSC plot showing the results of the nucleation experiment. 
 
 
 
Figure 2, TEM photomicrographs of; glass frit sample (A, B); glass frit after nucleation 

step (592°C,1h) showing phase domains (C); glass frit after nucleation step 
(602°C,1h) showing crystallites in the bright field contrast mode (D); dark 
field mode (E); and associated phase domains (F); glass powder after 
592°C,1h/ 1040°C, 0.5h heat treatment with extensive crystal twinning, lack 
of matrix microcracking  (G,H) and crystal inclusions (I). 

 
 
Figure 3, TEM micrographs of glass powder after 592°C,1h/ 1040, 0.5h heat treatment 

showing crystal twinning (A); and unit cell d spacing (B); glass powder after 
602°C,1h/ 1040, 0.5h heat treatment showing leucite crystal twins (C, D) and 
unit cell d spacing (E); SEM photomicrograph of 592°C,1h/ 1040°C, 0.5h 
heat treated powder, showing uniform distribution of fine leucite crystals in 
the glassy matrix, and crystal/matrix inclusions (F). 

 
 
Figure 4, EDX spectra of the residual glass and leucite crystal phase, with inset 

picture showing specific areas analysed (592°C,1h/ 1040, 0.5h heat 
treatment). 
 
 

Figure 5, STEM-HAADF Images showing the elemental distribution via EDX in; the 
glass-ceramic frit (592°C,1h/ 1040, 0.5h heat treatment) (a); and domains 
within the crystallites (b). Domains within the crystallite for 602°C,1h/ 1040, 
0.5h heat treated glass-ceramic (c). 

 
 
Figure 6, XRD plots indicating (a); the spray dried glass powder following the 

nucleation step (602°C,1h); the amorphous glass frit following the nucleation 
step (602°C,1h) (b); after the 592°C,1h/ 1040, 0.5h powder heat treatment 
showing a tetragonal leucite phase (c).▲=peaks for tetragonal leucite phase.  

 
Figure 7a, 27Al MAS-NMR spectra of the glass-ceramic powder (a), powder heat 

treated at 602°C (b) and 592°C (c) for 1 hour and untreated glass powder 
(d). 

 
Figure 7b, 23Na MAS-NMR spectra of the glass-ceramic powder (a), powder heat 

treated at 602°C (b) and 592°C (c) for 1 hour and untreated glass powder 
(d).  
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