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Abstract 

X-ray amorphous glasses of composition (in equivalent percent) 15Ca:15Mg: 55Si:15Al:(100-x-y)O: xN:yF with 

x = 0, 10, 15 and y= 0, 1, 3, 5, were prepared by melting and casting. The effects of oxygen substitution by 

fluorine and/or nitrogen on the physical, mechanical, thermal and optical properties of the glasses have been 

investigated. Molar volume, fractional glass compactness, microhardness, Young’s Modulus, glass-transition 

temperature, dilatometric-softening point and refractive index increased linearly with nitrogen substitution for 

oxygen, whereas molar volume and thermal expansion coefficient decreased linearly with nitrogen increase. In 

contrast, all properties except glass-transition temperature and dilatometric-softening point, are virtually 

unaffected by fluorine substitution for oxygen. Significant and linear, decreases in thermal properties occurred 

with increasing fluorine substitution level. All the data collected and its analysis clearly showed that the 

substitution effects of fluorine for oxygen on the studied properties of the glasses of the system with general 

formula Ca-Mg-Si-Al-O-(N)-(F) are totally independent and additive with respect to the substitution effects of 

nitrogen for oxygen on glass properties.  
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I. Introduction 

Oxynitride glasses are special types of silicate or aluminosilicate glasses in which the oxygen atoms of the glass 

network are partially replaced by nitrogen atoms. Numerous studies have focused on the formation and 

properties of oxynitride glasses in different systems1–10 showing that increases in glass transition temperature, 

hardness, elastic modulus, or viscosity, with regard to the corresponding oxide glasses, are due to a higher cross-

link density provided by nitrogen within the glass network. In the case of fluorine-containing glasses, 

monovalent fluorine acts as a network terminator, thus reducing the connectivity of the glass network and 

causing a marked reduction in Tg and viscosity as the fluorine content of the glasses is increased11, 12. 

These fluorine-containing glasses are used for a wide variety of purposes, among them bioglasses and bioglass 

ceramics, where fluoride release stimulates hydroxyapatite formation13 which bonds to human bone due to 

similar phase structure14–16. Fluorine is also introduced into ionomer glasses which are used for glass 

polyalkenoate dental cements, where fluorine atoms are added to lower the refractive index of the glass as well 

as to enable fluoride ion release from the set cement17 to prevent secondary caries18. Fluorine ions in human 

saliva and plasma also play an important role in development of hard tissues in the body19. 

There is very little information available on oxyfluoronitride glasses and their properties. Vaughn and Risbud20 

incorporated nitrogen into glasses in the Zr–Ba–Al–Y–O–F system with the intention of increasing their thermal 

stability and improving their mechanical properties. What they actually observed was an increase in the glass 

transition temperature and crystallisation temperatures, as well as hardness. Later, Fletcher and Risbud21 used 

nitrogen to increase the stability and chemical durability of some fluorophosphate glasses in the M–Al–P–O–F–

N system (where M = Ba, Na). However, it was not until 20 years later that the first systematic studies were 

carried out in order to determine the combined effect of adding nitrogen and fluorine to aluminosilicate glasses22. 

The authors of this study explored the glass-forming region in the Ca–Si–Al–O–N–F system and compared it 

with that obtained previously in the Ca–Si–Al–O–N system23. The addition of fluorine, even in low quantities (1 

eq%), was shown to expand the glass-forming region, facilitating the dissolution of the modifier cations and 

nitrogen into the melt. The authors concluded that fluorine affects nitrogen dissolution into the melt, lowering 

the melting temperature and preventing the formation of crystalline phases. This study opened up the possibility 

of obtaining glasses with even higher nitrogen contents by using fluorine as a melting agent, harnessing the well-

known beneficial effects of nitrogen incorporation on the their physical and mechanical properties. 
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In a previous study24, a systematic investigation was carried out of the effects of oxygen replacement by fluorine 

and nitrogen simultaneously on the physical (density, molar volume and compactness), thermal (glass-transition 

temperature, dilatometric-softening temperature and thermal expansion coefficient) and mechanical (Young’s 

modulus and microhardness) properties of calcium–and calcium–yttrium-modified aluminosilicate glasses with a 

constant cation composition. In the previous work, an increase in fluorine substitution for oxygen was observed 

to produce an increase of thermal expansion coefficient, a decrease of glass-transition temperature and 

dilatometric-softening point and virtually no effect on molar volume, fractional glass compactness, Young’s 

modulus and microhardness. Furthermore, increase in nitrogen substitution for oxygen was observed to produce 

an increase of glass fractional compactness, glass-transition temperature, dilatometric-softening point, Young’s 

modulus and microhardness and a decrease of glass molar volume and thermal expansion coefficient. The results 

clearly showed that the effects of substitution of fluorine for oxygen and nitrogen for oxygen were independent 

and additive and that the effects on the property were very similar for the two different modifier compositions 

investigated. 

This paper reports on an analogous study of calcium-magnesium aluminosilicate oxyfluoronitride glasses and 

how the modification of the fluorine and/or nitrogen substitution for oxygen affects their physical (density, molar 

volume and compactness), mechanical (microhardness, Young’s modulus, shear modulus, compressive modulus 

and Poisson’s rate), thermal (glass-transition temperature, dilatometric-softening point and thermal expansion 

coefficient) and optical (refraction index) properties.  

II. Experimental  

(1) Design of glass composition 

For the formulation of the studied glasses, a preliminary study was carried out in order to find a suitable 

Ca:Mg:Al:Si cation ratio which would allow a systematic study of the progressive substitution of oxygen by 

fluorine for different nitrogen contents. The initial chosen compositions are in the Mg-Si-Al-O-N system because 

its glass formation region is shorter than in the corresponding Ca-Si-Al-O-N system25 and, thereafter, partial 

substitution of Mg by Ca was undertaken without compromising the stability of the glasses. The chosen cation 

ratio corresponded to (in eq%) 30Mg:55Si:15Al as being the one with the highest Al content with (in atomic 

ratios) Al:F>1, Si:Al>1 and (Ca+Mg):Al>0.5, so Al atoms are expected to enter the glass network as [AlO4] 

tetrahedra22, 26 leading to preferential formation of Al-F bonds over the undesirable Si-F bonds, which can lead to 

fluorine loss as volatile SiF4, or to formation of Ca-F or Mg-F bonds.  
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The value of the partial Mg substitution by Ca (15Ca:15Mg:55Si:15Al in eq%) was selected in order to be able 

to obtain  similar fluorine and nitrogen substitution levels than the ones reached in previous work24. The nitrogen 

composition was modified between 0 and 15 eq% and the fluorine content between 0 and 5 eq%. It was 

impossible to prepare glasses with higher nitrogen contents due to devitrification which occurred when these 

high nitrogen content compositions were formulated with also high contents of fluorine (5 eq%). 

The compositions of the twelve glasses in the Ca-Mg-Si-Al-O-(N)-(F) system used in this study are given in 

Table I. 

(2) Materials and methods 

Glass batches were prepared by wet ball milling the requisite amounts of Si3N4 (UBE) and CaF2 (Aldrich) 

together with high purity (99.9%) oxides (CaO (Fisher), MgO and SiO2 (Fluka Chemika) and Al2O3 

(Sumitomo)) for 4 h, using Al2O3 milling media, a polyethylene container and isopropanol as the fluid. The 

mixtures were then dried by rotary evaporation. The dried powders were pressed into compacts by cold isostatic 

pressing at 150 MPa. These were then placed in a BN-lined graphite crucible and fired at 1650°C in a vertical 

tube furnace under flowing nitrogen at 0.1 MPa for 1 h. The melt was then quickly withdrawn and poured into a 

preheated graphite mould to form glass bars followed by annealing at the respective glass-transition (Tg,DTA) 

temperature for 1 h, to relieve cooling stresses, and then slow furnace-cooled to ambient temperature.  

Specimens of each glass were cleaned and dried and then weighed dry and immersed in water to enable glass-

density determination by the Archimedes principle. Glass compactness (C) was calculated according to the 

expression: 
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where xi is the fraction of ionic species “i”, νi the volume of ionic species and mi the ionic mass of the species; N 

is Avogadro´s number and ρ the glass density. The value of νi was calculated using the ionic radii given by 

Shannon27 and the expression: 
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The molar volumes (MV) of the glasses were calculated according to the expression: 
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Specimens of each glass, 10 mm x 3 mm x 3 mm in size, were cut from the cast bars and placed in a dilatometer, 

Netzsch Dil 402-C. The specimens were then heated under flowing nitrogen, at a rate of 5°C/min, to above the 

dilatometric-softening point (TDS). The inflection point of the expansion curve was taken as the glass-transition 

temperature (Tg,dil) while the maximum was taken as the TDS. The thermal expansion coefficient (300-600) was 

calculated between 300 and 600ºC using the following equation: 
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where l0 is the original length, l is the change in length of the specimen and T is the temperature change. From 

equation (4) 
21 TT  is defined in (ºC-1). 

Dilatometry curves for each glass were examined to ensure that there was no decrease in the Δl/l0-temperature 

slope before the rapid increase in gradient above Tg,dil. Any such decrease in slope would have reflected 

incomplete glass annealing and, consequently, any glass showing such behaviour should be re-annealed for an 

additional hour. 

Differential thermal analysis was carried out using a Stanton-Redcroft STA 1640 instrument. 50 mg of the glass 

powder were heated at 10°C/min under 0.1 MPa nitrogen atmosphere. The glass transition temperature (Tg,DTA) 

is represented by the point of inflection of the endothermic peak. 

Specimens of the glass were mounted in a cold setting resin, polished to a 1 μm finish and then subjected to 

microhardness testing (Leco microhardness tester) using a Vickers indenter with a 300 g load for 10 s. Young´s 

modulus (E) was measured using the ultrasonic pulse-echo-overlap technique and the expression: 
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where Vl and Vt are the longitudinal and transverse ultrasonic wave velocities, respectively. Samples of 15 mm x 

10 mm x 3 mm in size with parallel surfaces were used for the measurements. 

Shear modulus (G), compressive modulus (B) and Poisson’s ratio (υ) were determined using the following 

expressions: 
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Finally, refractive index was measured using an Ellipsometer (J. A. Woollam and Co. Inc.). Values taken were 

for 500 nm (visible spectrum) using a glass slide polished to 1 μm. 

 

III. Results and discussion 

As expected, all glasses were X-ray amorphous and fully dense, that is, they contained no internal bubbles or 

pores. However, some of them were not completely homogeneous, displaying different colour shades with some 

exhibiting a grey-blue hue. Only the glasses with higher nitrogen content (15 eq%) are not transparent to light 

(1.5 mm thickness).  

(1) Effects of fluorine and nitrogen on physical properties 

The physical properties (density, molar volume and fractional compactness) of the Ca-Mg-Si-Al-O-(N)-(F) 

glasses are also given in Table I and, the last two, are represented in Figures 1 and 2, respectively, against 

fluorine and nitrogen contents (discrete values). As can be observed, oxygen substitution by fluorine has no 

significant effect on molar volume or fractional compactness, even though this last property seems to increase 

very slightly. This is in contrast to the introduction of nitrogen into the glass network, which results in a linear 

increase of fractional compactness, and the resulting reduction, also linear, of the molar volume. 

In silicate glasses, the network comprises SiO4N tetrahedra bridged by bi-coordinate O-T linkages whereas, in 

oxynitride glasses, it is known from the literature1, 4, 9, 28 that the network comprises SiO(4-x)Nx tetrahedra, with 

average x values controlled by N:Si ratios, which are bridged either by bi-coordinate O-T linkages or tri-

coordinate N-T linkages. Thus nitrogen increases the crosslinking of the glass network. AlO4 tetrahedra are 

present and are mainly bridged by bi-coordinate O-T linkages. Each eq.% nitrogen substitution introduces the 

same number of additional crosslinks into the glass network.  The extent of network crosslinking will increase 

linearly with eq.% N which will have the result of contracting the glass network, thus increasing glass 

compactness and decreasing molar volume in a linear manner.  
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This improvement of the physical properties with nitrogen content is consistent with other earlier studies of 

oxynitride glasses found in the literature6, 7, 9, 23, 28–32. However, if the oxyfluoronitride glasses results are 

compared with those obtained for oxyfluoride glasses, a significant decrease in molar volume with the nitrogen 

content is observed, which confirms the cross-linking role of the nitrogen in the glass network, even in the 

presence of a strong modifying ion such as fluorine. 

In view of the above results, and taking into account the linearity of the composition-properties relationship, a 

linear least-square fit of the experimental data has been performed. The results of the fitting are shown in Table 

IV and in Figures 1 and 2 as solid lines. As can be observed, reasonably linear correlations with similar gradients 

were observed with respect to the effect of fluorine and nitrogen substitution levels on properties (R2 values 

close to 0.99 and error band values similar to the ones experimentally obtained).  

The results given in Table IV allow calculation of the effect of fluorine and nitrogen contents on any of the 

studied properties. In this way, for example, molar volume can be expressed as follows: 

MV = 7.57 – 0.0085·[N] + 0.0032·[F]   (cm3/mol)      (9) 

where [N] and [F] are the nitrogen and fluorine concentrations in eq%, respectively. So, for a 15 eq% of nitrogen 

and 5 eq% of fluorine, the estimated value of the molar volume is 7.46 cm3/mol, which is exactly the same value 

of the one experimentally obtained (see Table I). The good correlation between the experimental data and the 

calculated values is evidence of the fact that the effects of oxygen replacement by fluorine (for fixed nitrogen 

content) and oxygen replacement by nitrogen (for fixed fluorine content) on physical properties are independent 

and additive, rather than synergistic. 

The results obtained are quite similar to those for the Ca–Si–Al–O–(N)–(F) system previously reported24. In fact, 

the data are slightly lower for nitrogen and almost identical for fluorine. A lower error band value has been 

obtained for these physical properties and the values of the composition-property gradient for both glass systems 

are all of the same order of magnitude, consistent with the previously published results while expanding the 

range of compositions into this new system with mixed modifiers and with a significantly different cation ratio.  

(2) Effects of fluorine and nitrogen on mechanical properties 

The mechanical properties (microhardness, Young’s modulus, shear modulus, compressive modulus and 

Poisson’s ratio) of the Ca-Mg-Si-Al-O-(N)-(F) glasses are shown in Table II.  
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As can be observed, oxygen replacement by fluorine has a negligible effect on the mechanical properties, while 

oxygen replacement by nitrogen results in a significant linear increase of these properties, without any data 

deviation from the general tendency. Also the present results are consistent with other data on oxynitride glasses 

from the literature6, 7, 23, 28, 30, 31, 33–35. 

Fig. 3 shows the effect of fractional compactness and free volume (discrete values) on microhardness and 

Young’s modulus. The results highlight how both mechanical properties are related to the network connectivity 

of the glass. Compactness is unaffected by oxygen substitution by fluorine and this property is controlled by free 

volume, defined as molar volume less the volume occupied by ions36. Thus, as can be seen in Fig. 4, fluorine 

substitution level has no appreciable effect on free volume, whereas, nitrogen substitution results in a significant 

decrease of this parameter, following a linear tendency. 

The change in free volume with fluorine substitution (+0.0005 cm3/mol·(eq% F)-1) is clearly negligible 

compared with the change with nitrogen substitution (-0.0094 cm3/mol·(eq% N)-1), although this change is lower 

than observed in other related glass systems24: (-0.0143 cm3/mol·(eq% N)-1 for the Ca–Si–Al–O–(N)–(F) system 

and -0.0146 cm3/mol·(eq% N)-1 for the Ca–Y–Si–Al–O–(N)–(F) system).Fig. 4 suggests that there is a slight 

increase of the free volume with the incorporated fluorine at 0 and 10 eq% N and this is in agreement with 

previous results found in the literature34. 

A linear least-square fit of the experimental data allows an empirical formula to be obtained which relates each 

of the mechanical properties with the content of nitrogen or fluorine (see Table IV). In this way, for example, 

Young’s modulus can be expressed as: 

E = 102.80 + 0.795·[N] + 0.073·[F]   (GPa)       (10) 

where [N] and [F] are the nitrogen and fluorine concentrations in eq%, respectively. So, using the relationship, 

for a glass containing 15 eq% nitrogen and 5 eq% fluorine, the estimated value of the Young’s modulus is 115.1 

GPa, and the experimental value, as can be seen in Table II, is 116.1 GPa. The good correlation between the 

experimental data and the calculated values is further evidence that the effects of nitrogen and fluorine 

substitution on glass mechanical properties are independent and additive rather than synergistic. 

The changes in properties with nitrogen substitution for oxygen, as shown by the gradients in Table IV, as with 

the physical properties discussed above, are very similar to those for the Ca–Si–Al–O–(N)–(F) system 

previously reported24. However, for the changes in properties with fluorine substitution, the present calculated 

gradients are significantly lower than determined previously. 
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(3) Effects of fluorine and nitrogen on thermal properties 

The thermal properties of the glasses are shown in Table III: thermal expansion coefficient, glass-transition 

temperature, Tg (measured by DTA: TgDTA and dilatometry: Tgdil), and dilatometric softening point, TDS. Figures 

5, 6 and 7, respectively, show the changes of TgDTA, TDS and thermal expansion coefficient () with fluorine and 

nitrogen substitutions.  

The obtained data confirms the trends observed in previous studies of similar oxynitride glass systems24. The 

bridging oxygen substitution by non-bridging terminating fluorine reduces the network connectivity, explaining 

the reductions in Tg,DTA and TDS. On the other hand, as nitrogen substitutes for oxygen, it becomes chemically 

bonded to silicon in the glass network and produces a more tightly packed and highly linked structure, which 

explains the increase of these thermal properties. 

The changes in TgDTA and TDS with fluorine and nitrogen substitution are clearly linear. However, for the thermal 

expansion coefficient, there is no clear relationship, although it seems that the general trend is that 300-600 

increases with fluorine substitution and decreases with nitrogen content as also observed previously4. 

As with the physical and mechanical properties, Table IV includes the values of the linear least-squares fit slopes 

of the thermal properties with variation in fluorine and nitrogen contents, which are also represented, together 

with the experimental data, in Figures 5, 6 and 7. These fits allow empirical formulae to be obtained that relate 

each of the thermal properties with the contents of nitrogen and fluorine. For example, dilatometric softening 

point can be expressed as follows: 

TDS = 691.6 + 3.12·[N] – 16.68·[F]   (ºC)        (11) 

where [N] and [F] are, respectively, the nitrogen and fluorine concentrations in eq%. So, for a glass containing 

15 eq% nitrogen and 5 eq% fluorine, the estimated value of the TDS is 655ºC, and the experimental value, as can 

be seen in Table III, is 658ºC, which is within experimental error. The goodness of fit (R2) and the close 

agreement between calculated and measured property values clearly shows again that nitrogen and fluorine 

substitutions have independent but additive effects on the properties of the Ca–Mg–Si–Al–oxyfluoronitride 

glasses studied here. 

Comparing with the Ca–Si–Al–O–(N)–(F) system previously studied24, the effect of nitrogen on the thermal 

properties is slightly higher for the present mixed modifier Ca-Mg–Si–Al–O–(N)–(F) system, but is always in 

the same range as the results obtained for oxynitride glasses in the literature (between 2.6 and 4.1 ºC/eq% N for 
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Tg,DTA and between 2.3 and 3.8 ºC/eq% N for TDS found for other oxynitride glasses37, and 2.3 ºC/eq% N for 

Tg,DTA found for other oxyfluoronitride glasses34).  

By contrast, the fluorine effect is remarkably lower in the system with mixed modifiers, even though these 

values are consistent with the ones previously reported for oxyfluoride glasses34, 38, 39 (-14.1ºC/eq% F or between 

-7.7ºC/eq% F and -13.1ºC/eq% F) and for oxyfluoronitride glasses 34 (-20.8 ºC/eq% F for Tg,DTA).  

However, it is important to note that the cation ratios used in the present Ca–Mg–Si–Al–O–(N)–(F) systemand 

the previously studied Ca–Si–Al–O–(N)–(F) system24are different, which also means that the (Ca + Mg):Al and 

Al:F ratios will be different. In fact, in the Ca modified glasses, Ca:Al=1 and Al:F≥1.43, whereas in the mixed 

Ca–Mg modified glasses, Ca:Al=3 and Al:F≥1. Even though both systems have the minimum established ratios 

to keep Al in tetrahedral coordination, the Al available for bonding with F is lower in the mixed modifier 

glasses. Thus, F should link with Ca or Mg, disturbing the cohesive capability of the modifier cations (less 

effective charges to link non-bridging oxygens), but resulting in a network disrupting effect additional to the 

fluorine incorporation into the network itself. 

(4) Effects of fluorine and nitrogen on refractive index 

Values for refractive index as a function of fluorine and nitrogen content of the glasses are given in Table III and 

Fig. 8 in which the discrete points represent the experimental data and the lines correspond to the best fit of the 

data. 

Refractive index increases linearly with nitrogen, and shows a slight decrease with fluorine, these effects being 

consistent with data in the literature11, 25, 40 and with the polarizability of oxygen, nitrogen and fluorine ions. 

The refractive index of glasses depends both on density and electronic structure of each of its ions, as is well 

established by the Lorenz-Lorenz relation: 
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where Rm is the molar refractivity, M is the molecular weight, ρ is the density and n is the refractive index. 

Equation (12) can be rearranged as follows: 
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So, the refractive index varies with molar refractivity, which in turn depends on polarizability of the ions in the 

glass, its density and molecular weight, which depend on chemical composition. Since the cation composition of 

the glasses is constant, the value of refractive index will only depend on the fluorine and nitrogen contents of the 

glass. According to Coon and Goyle41, the ionic refraction (which is proportional to ion polarizability) is 66.6 for 

nitrogen, but only 13.3 for oxygen, which explains the increase in refractive index when oxygen is substituted by 

nitrogen. Moreover, nitrogen substitution for oxygen in the glass network increases density, thus allowing an 

increase in this optical property. In contrast, the polarizability of the oxygen ion is three times higher than that of 

the fluorine ion42, which explains the decrease in refractive index with fluorine substitution, since both density 

and molecular mass remain almost constant. 

 

V. Conclusions  

In the present study, the effects of oxygen substitution by fluorine and/or nitrogen on various physical, 

mechanical, thermal and optical properties in a series of Ca–Mg–Si–Al–oxyfluoronitride glasses of composition 

(in equivalent percent): 15Ca:15Mg:55Si:15Al:(100-x-y)O:xN:yF with x = 0, 10, 15 and y= 0, 1, 3, 5, have been 

analysed and lead to the following conclusions: 

1. Oxygen substitution by fluorine has no significant effect on the molar volume, fractional compactness, 

Young’s modulus and microhardness of the glass, independent of its nitrogen content. 

2. Oxygen substitution by nitrogen reduces the molar volume of the glass and linearly increases its 

fractional compactness, Young’s modulus and microhardness, independent of its fluorine content. 

3. The effects of fluorine and/or nitrogen substitution on the mechanical properties (Young’s modulus and 

microhardness) can be explained in terms of changes in values of glass compactness. Substitution of 

nitrogen for oxygen in the glass results in a linear increase of fractional compactness and a reduction of 

the molar volume, both of these effects indicating that nitrogen increases the crosslinking of the glass 

network. The network disruption caused by substitution of fluorine does not significantly affect the glass 

compactness and, hence, the mechanical properties. 

4. Substituting oxygen by fluorine, at any nitrogen content, reduces the glass-transition temperature and the 

dilatometric softening point by approximately 16 oC/eq%F, since the introduction of fluorine causes the 
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disruption of the glass network, due to the presence of Al-F terminations and additional non-bridging 

oxygens.   

5. Substituting oxygen by nitrogen, at any fluorine content, increases the glass-transition temperature and 

the dilatometric softening point by approximately 3 oC/eq%N, since nitrogen introduction brings extra 

connectivity to the glass network.  

6. The refractive index of the glasses increases linearly with nitrogen substitution and decreases slightly 

with fluorine substitution. These changes are due to the differences in the polarizability of oxygen, 

nitrogen and fluorine ions. 

7. The data presented show that the effects of oxygen replacement by fluorine (for fixed nitrogen content) 

and oxygen replacement by nitrogen (for fixed fluorine content) on physical, mechanical, thermal and 

optical properties of these oxyfluoronitride glasses are independent and additive, rather than synergistic. 
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List of captions of tables and figures: 

Table I. Effect of nitrogen and fluorine content on physical properties of glasses of cation composition (in equivalent 

percent) 15Ca:15Mg: 55Si:15Al. 

Table II. Effect of nitrogen and fluorine content on mechanical properties of glasses of cation composition (in equivalent 

percent) 15Ca:15Mg: 55Si:15Al. 

Table III. Effect of nitrogen and fluorine content on thermal and optical properties of glasses of cation composition (in 

equivalent percent) 15Ca:15Mg: 55Si:15Al. 

Table IV. Least-squares slopes, intercepts and error band values for effect of nitrogen and fluorine on physical, mechanical, 

thermal and optical properties. 

Fig. 1. Effect of fluorine and nitrogen content on molar volume (MV) for Ca-Mg-Si-Al-O-(N)-(F) glasses. The discrete 

points represent the experimental data and the lines correspond to the best fit of the data.  

Fig. 2. Effect of fluorine and nitrogen content on compactness (C) for Ca-Mg-Si-Al-O-(N)-(F) glasses. The discrete points 

represent the experimental data and the lines correspond to the best fit of the data. 

Fig. 3. Effect of compactness and free volume on Young’s modulus (■) and microhardness (●) for Ca-Mg-Si-Al-O-(N)-(F) 

glasses.  

Fig. 4. Effect of fluorine or nitrogen substitution level on free volume for Ca-Mg-Si-Al-O-(N)-(F) glasses. Circles correspond 

to different constant nitrogen contents (0N, 10N and 15N) with variable fluorine contents; squares correspond to different 

constant fluorine contents (0F, 1F, 3F and 5F) with variable nitrogen contents. 

Fig. 5. Effect of fluorine and nitrogen content on glass-transition temperature measured by DTA (Tg,DTA) for Ca-Mg-Si-Al-O-

(N)-(F) glasses. The discrete points represent the experimental data and the lines correspond to the best fit of the data. 

Fig. 6. Effect of fluorine and nitrogen content on dilatometric-softening temperature (TDS) for Ca-Mg-Si-Al-O-(N)-(F) 

glasses. The discrete points represent the experimental data and the lines correspond to the best fit of the data. 

Fig. 7. Effect of fluorine and nitrogen content on thermal expansion coefficient (300-600) for Ca-Mg-Si-Al-O-(N)-(F) glasses. 

The discrete points represent the experimental data and the lines correspond to the best fit of the data. 

Fig. 8. Effect of fluorine and nitrogen content on refractive index for Ca-Mg-Si-Al-O-(N)-(F) glasses. The discrete points 

represent the experimental data and the lines correspond to the best fit of the data. 
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Table I.  

Glass composition 

(eq. %) 

Ca:Mg:Si:Al:O:N:F 

Bulk 

Color 

Density 

(g/cm3) 

Molar 

volume 

(cm3/mol) 

Fractional 

Compactness 

0 N series     

15:15:55:15:100:0:0 Colorless 2.85 7.57 0.540 

15:15:55:15:99:0:1 Colorless 2.84 7.58 0.540 

15:15:55:15:97:0:3 Colorless 2.84 7.58 0.541 

15:15:55:15:95:0:5 Colorless 2.84 7.59 0.542 

10 N series     

15:15:55:15:90:10:0 Black 2.89 7.47 0.550 

15:15:55:15:89:10:1 Grey blue 2.88 7.48 0.550 

15:15:55:15:87:10:3 Grey blue 2.88 7.50 0.551 

15:15:55:15:85:10:5 Black 2.88 7.49 0.552 

15 N series     

15:15:55:15:85:15:0 Dark Grey 2.90 7.45 0.553 

15:15:55:15:84:15:1 Dark Grey 2.90 7.45 0.553 

15:15:55:15:82:15:3 Dark Grey 2.90 7.45 0.555 

15:15:55:15:80:15:5 Dark Grey 2.90 7.46 0.557 

     

Experimental error  ± 0.01 ± 0.01 ± 0.001 
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Table II.  

Glass composition 

(eq. %) 

Ca:Mg:Si:Al:O:N:F 

Microhardness 

(GPa) 

E 

(GPa) 

G 

(GPa) 

B 

(GPa) 

Poisson’s 

ratio - υ 

0 N series      

15:15:55:15:100:0:0 6.55 103.4 41.3 69.3 0.25 

15:15:55:15:99:0:1 6.61 103.1 41.2 69.2 0.25 

15:15:55:15:97:0:3 6.61 102.7 41.1 67.8 0.25 

15:15:55:15:95:0:5 6.54 103.5 41.4 69.4 0.25 

10 N series      

15:15:55:15:90:10:0 7.27 110.4 44.1 73.9 0.25 

15:15:55:15:89:10:1 7.21 110.6 44.0 75.6 0.26 

15:15:55:15:87:10:3 7.28 109.3 43.4 76.1 0.26 

15:15:55:15:85:10:5 7.18 110.9 44.3 74.9 0.25 

15 N series      

15:15:55:15:85:15:0 7.86 114.5 45.7 77.5 0.25 

15:15:55:15:84:15:1 7.87 115.9 46.3 77.5 0.25 

15:15:55:15:82:15:3 7.65 114.6 45.6 78.4 0.26 

15:15:55:15:80:15:5 7.78 116.1 46.4 77.6 0.25 

      

Experimental error ± 0.12 ± 1.5 ± 1.0 ± 1.5 ± 0.01  
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Table III.  

Glass composition 

(eq. %) 

Ca:Mg:Si:Al:O:N:F 

300-600 

(°C-1)·106 

Tg,DTA 

(°C) 

Tg,dil 

(°C) 

TDS 

(°C) 

Refractive 

index 

0 N series      

15:15:55:15:100:0:0 9.01 759 694 731 1,666 

15:15:55:15:99:0:1 9.21 733 668 714 1,661 

15:15:55:15:97:0:3 9.30 705 640 682 1,652 

15:15:55:15:95:0:5 9.60 680 615 651 1,642 

10 N series      

15:15:55:15:90:10:0 8.59 787 731 773 1,702 

15:15:55:15:89:10:1 8.43 766 700 741 1,696 

15:15:55:15:87:10:3 8.58 734 667 708 1,687 

15:15:55:15:85:10:5 8.66 711 641 690 1,675 

15 N series      

15:15:55:15:85:15:0 8.35 810 746 794 1,723 

15:15:55:15:84:15:1 8.21 783 719 757 1,711 

15:15:55:15:82:15:3 8.44 745 682 723 1,701 

15:15:55:15:80:15:5 9.15 720 658 703 1,703 

      

Experimental error ±0.1 ± 5 ± 5 ± 5  ±0.005 
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Table IV.  

Property units 

Intercept 

values 

N gradient 

(eq%  N-1) 

F gradient 

(eq%  F-1) 

Error 

band 

R2 

Molar volume cm3/mol 7.5689 -0.0085 0.0032 0.0082 0.9824 

Compactness  0.5395 0.0009 0.0006 0.0006 0.9922 

Microhardness GPa 6.58 0.079 -0.014 0.101 0.9692 

Young’s 

modulus (E) 

GPa 102.80 0.795 0.073 0.83 0.9796 

Share modulus       

(G) 

GPa 41.09 0.310 0.028 0.43 0.9646 

Compressive 

modulus (B) 

GPa 68.83 0.596 0.063 0.76 0.9699 

Tg,DTA ºC 755.4 3.02 -16.05 5.64 0.9820 

Tg,dil ºC 691.6 3.12 -16.68 6.30 0.9792 

TDS ºC 731.7 3.32 -16.49 7.86 0.9687 

α300-600 ºC-1 9.01 -0.052 0.099 0.2152 0.8051 

Refractive index  1.6655 0.0036 -0.0046 0.0036 0.9836 
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Fig.1. 
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Fig.2. 
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Fig.3. 
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Fig.4. 
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Fig.5. 
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Fig.6. 
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Fig.7. 
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Fig.8. 

 

 

 

 


