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ABSTRACT  

 
Feldspathic glass-ceramics comprising β-spodumene–nepheline- anorthite, and β-spodumene- anorthite 

mineral assemblages were prepared based on partial and/or complete substitution of lithium for sodium cations 
in the formula [(Li, Na)2CaAl4Si4O16]. The crystallization of β-spodumene strongly improves the microhardness, 
reduces the thermal expansion coefficient, controls the uniformity of the microstructure and reduces the chance 
for local nepheline intergrowth through the catalytic effect of lithium. The coefficient of thermal expansion 
(CTE) of the glasses was in the 69 - 75 x 10-7 °C-1 range. Formation of nepheline in the glasses increases the 
CTE to 70 x 10-7°C-1, while crystallization of β-spodumene lessens CTE to 35 x 10-7 C-1. The microhardness 
values increased with the crystallization of β-spodumene to be in the range of 6170- 7370 MPa.  
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Introduction  

 
Dental porcelain substitutes the decayed or missing parts of the teeth and matches the natural enamel in 

appearance and physical characteristics as far as possible.  It is generally desirable for the dental glass ceramics 
to have good strength, suitable thermal expansion and good appearance. (El-MELIEGY et al., 2012) 

On the other hand, β -spodumene containing glass-ceramics attract considerable commercial interest 
because of their lower thermal expansion, together with remarkable chemical resistance and good 
microhardness. β-spodumene has a classic formula Li2O. Al2O3. 4SiO2 and is characterized by low expansion 
coefficient and high hardness. The simultaneous crystallization of β-spodumene, with nepheline and anorthite 
mineral assemblage, is expected to enhance the mechanical properties and reduce the thermal expansion 
coefficient. (Hamzawy, and. El-Meliegy, 2007; El-Meliegy, and Hamzawy, 2005) 

The properties of the glass ceramics can be controlled to match the characteristics of ceramics- fused to 
metal in order to suit dental applications. The control over the properties of nepheline - anorthite-containing 
ceramics mainly depends on the properties of the developed phases. The modification of the thermal expansion 
coefficient to match that of the metal substrates and the microhardness to match that of the natural enamel is an  
important factor for the suitability for dental applications. (El-Meliegy, 2003; El-Meliegy, and Abdel-Hameed, 
2005; El-Meliegy, 2004; Hamzawy,  2004). 

The current paper deals with the crystallization of β-spodumene phase simultaneously with nepheline and 
anorthite phase assemblage according to the general aluminosilicate formula [(Li,K,Na)2CaAl4Si4O16]. In 
addition, the effect of the partial or complete replacement of Na+ by Li+ in the structure, on the developed 
phases, will be followed and the content of β -spodumene phase will be utilized to control the value of the 
expansion coefficient and the values of microhardness. 
 
2. Experimental: 

 
The compositions of the starting glasses, in table 1, were designed based on the substitution of potassium or 

lithium for sodium cations according to the general formula (Li,Na)2CaAl4Si4O16. The batches were prepared 
reagent grade lithium, and sodium carbonates together with pure sintered alumina and quartz sand (SiO2> 
99.3%). The glass batches were mixed in a ball mill and melted in Pt-crucible at 1500-1550oC/2h.  The molten 
glasses were then casted into glass rods, discs and annealed at 500°C. 
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Table 1: Composition of the investigated glasses   
Glass batch No. Formula  Chemical Constituents  

 in oxide  wt.% 
  Na2O Li2O CaO Al2O3 SiO2 
GNN NaNa CaAl4Si4O16 11.20 ---- 9.95 36.19 42.66 
GNL NaLi   CaAl4Si4O16 5.67 2.73 10.27 37.33 44.00 
GLL LiLi     CaAl4Si4O16 ---- 5.63 10.58 38.46 45.33 

 
Differential thermal analysis (DTA) was conducted to investigate the nucleation and crystallization using 

Shimadzu differential thermal analyzer model DTG60.  Glass powders with particle size between 0.25-0.35mm 
were tested at a heating rate of 10oC/min.  

Discs of the prepared glasses were also subjected to a controlled crystallization through sequential heat-
treatment between 800- 1000oC. XRD analysis of the heat-treated samples was carried out using Philips PW 
1390 X-ray (Cu K α) powder diffractometer with step range: 0, 013, step width 0.02 and step time 0.4 s. 

The coefficient of thermal expansion (CTE) of the prepared glasses and their corresponding glass-ceramics 
were measured using a Netzsch dilatometer (model 402E, Germany) in the range 20- 700oC at a heating rate of 
10oC min-1 to predict the softening points and transition temperatures for the glasses. 

Glass ceramics Samples were embedded into polymer resin and polished using different grades of abrasives 
followed by 1.0 µm diamond paste. The polished specimens were washed by water and acetone in an ultrasonic 
bath several times. The polished samples were chemically etched a mixture of 1% HF + 1% H2NO3 for 40 
seconds. The etched samples were washed carefully with distilled water. Gold layer of 3µm thickness was 
sputtered over the polished surface. The microstructure of the coated samples was analyzed via SEM model 
XL30, Philips operating at 25 kV. 

 
Results and Discussion  

 
The results of DTA analysis are shown in Fig. 1. The transition temperature (Tg) oC of the base glass GNN 

is determined to be at 750°C, while the partial substitution of Na+ by Li+ in GNL shifts the transition 
temperature to 705°C. Complete substitution of Na+ by Li+ in GLL lowers the transition temperature to 680°C. 
On partial substitution of Na+ by Li+, β –spodumene crystallized simultaneously with nepheline as indicated by 
the exothermic peaks at 922 and 950oC, respectively. With increasing the content of Li+ in the structure, only β 
–spodumene crystallized with anorthite, while nepheline disappears as indicated by the exothermic peaks at 958 
and 840oC, respectively.  

The phases developed by sequential heat-treatment between 800- 1000°C were investigated by the XRD 
and displayed in Table 2, Figs. 2 and 3. XRD results in Fig. 2 shows the amorphous nature of the GNN parent 
glass heated at 800° as  confirmed by the broad hump between 2θ = 20 and 30 as shown in Fig.2. However, on 
the substitution of Na+ by Li+ in GNL and GLL, β –spodumene, nepheline and anorthite phases appears at 800oC 
and flourish with further increase in temperature up to 1000°C as shown in Fig.3. 
 
Table 2: The identified phases after sequential heat-treatment of the glasses     

Glass No. Heat-treatment 
°C/2h 

Developed phases 

GNN 1.   800 
2.  1+900 
3.  2+1000 

Amorphous 
Nepheline 
Nepheline – Anorthite 

GNL 1.   800 
2.  1+900 
3.  2+1000 

Nepheline - β-spodumene 
Nepheline - β-spodumene - Anorthite  
Nepheline – β- spodumene- Anorthite  

GLL 1.   800 
2.  1+900 
3.  2+1000 

β-spodumene – Anorthite  
β-spodumene - Anorthite 
β-spodumene - Anorthite  

 
The order of the crystallization reaction follows the degree of substitution and the temperature change. The 

presence of Na+ improved the formation of nepheline, however, the presence of Li+ partially or completely 
enhanced the crystallization of β-spodumene and facilitated the formation of anorthite as well.  The 
crystallization rates of lithium aluminosilicate phases happened faster than sodium aluminosilicate phases 
depending on the field strength of lithium and sodium cations. 

The results of the thermal expansion coefficient of the different glasses are shown in Table 3. The transition 
temperature Tg and softening temperature Ts of the investigated glasses were found be reduced by the partial 
substitution of Na+ by Li+ and the formation of β-spodumene and then slightly increase with the complete 
substitution of Na+ by Li+ due to the crystallization of anorthite on the account range of nepheline.. The values 
of the thermal expansion coefficients of the glasses were found to be 69-75 x 10-7°C-1.  
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Table 3: Thermal expansion characteristics of the glasses 
Glass Code Thermal behavior CTE   α  

   x 10-7  °C-1    
(20-500°C) 

Tg°C Ts°C 

GNN 706 750 75 
GNL 633 682 73 
GLL 650 686 69 

 
Table 4: CTE and microhardness of glasses heat-treated at 1000 °C/2h. 

Glass No. CTE  α x10-7 °C-1     
 (20-700 °C) 

Microhardness value  
MP 

 
Crystalline Phases 

GNN 
 

70 6664 Nepheline 

GNL 62 7370 β-spodumene – Nepheline  – Anorthite  
GLL 35 6173 β-spodumene –Anorthite 

 
Compared to the investigated glasses that displayed no wide variation in the values of the thermal 

expansion coefficients, the developed glass ceramics displayed a wide range in the values of the thermal 
expansion coefficients. The values of the thermal expansion coefficients of the glass ceramics were found to be 
35-70 x 10-7°C-1. The thermal expansion coefficient is found to decrease with the crystallization of β –
spodumene as shown in Table 4. While the higher value of thermal expansion coefficient (70 x 10-7°C-1) 
displayed by the glass ceramic GNN relates to the crystallization of nepheline.  

The microhardness values of the crystallized glass ceramics heat treated at 1000°C/2h were found in the 
range 6173-7370 MPa. The crystallization of β-spodumene together is known to greatly enhance the 
microhardness values and modify the thermal expansion coefficients. However, it has been previously recorded 
that the crystallization of β-spodumene improves the microhardness values, until the content of β-spodumene 
exceeds 50%, then the increase in microhardness becomes then undesirable because of its effect on impairing 
the machinability. The developed β-spodumene phase tends to harden the body and thereby impair the 
machinability character according to their amount, growth and distribution in the glassy matrix. 7 

SEM micrographs of the glass ceramics treated at 1000 °C/2h, showed a bulk crystalline glass-ceramics as 
shown in Fig. 4. Lithium containing GNN, GLN and GLL samples displayed finer texture with more oriented 
rod-like crystals of 1-10μm size.  

 

 
 
Fig. 1: DTA curves of GNN, GNL and GLL glasses. 

 

 
Fig. 2: XRD patterns of the present glasses heat-treated at 800 °C/2h. 
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Fig. 3: XRD patterns of the present glasses heat-treated up to 1000 °C/2h. 

 
Fig. 4: SEM micrographs of the present glasses heat-treated up to 1000 °C/2h. 
 

In the current work, nepheline and anorthite were found to crystallize lonely in GNN, but the crystallization 
seems to be uncontrolled. With the addition of Li2O, the course of the reaction changes toward the 
crystallization of β-spodumene together with the main crystalline phases namely; nepheline and anorthite. The 
nucleation and crystallization temperatures were found to shift into lower temperatures on the increase of the 
Li2O content.  

However, to achieve a much lower coefficient of expansion of less than 35 x 10-7 °C-1(20-500oC), β-
spodumene solid solution should comprise at least about 25% of the total crystalline phases. Therefore, the 
proportion of β-spodumene solid solution must not be more than 50%, otherwise, the hardness will increase 
sharply and the glass ceramics will no longer be considered machinable.7 



825 
J. Appl. Sci. Res., 9(1): 821-825, 2013 

 

 

The current work succeeded to prepare glass-ceramics comprising β-spodumene- Nepheline and anorthite 
mineral assemblages, with low thermal expansions, while keeping a fine microstructure. The crystallization of 
β-spodumene enhanced the the microhardness, reduced the thermal expansion coefficient and in addition, 
controlled the uniformity of the microstructure and lessens the chance for local nepheline intergrowth through 
the catalytic effect of lithium. 
 
 Conclusion: 

 
Feldspathic glass-ceramics comprising β-spodumene–nepheline- anorthite, and β-spodumene- anorthite 

mineral assemblages were prepared based on partial and/or complete substitution of Li+ for Na+ cations in the 
formula [(Li,Na)2CaAl4Si4O16]. The crystallization of β-spodumene strongly improved the microhardness, 
reduced the thermal expansion coefficient, controlled the uniformity of the microstructure and reduced the 
chance for local nepheline intergrowth. 
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