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Abstract: The ternary phosphate glass series (50x)CaO–xCaF2–50P2O5 (x = 0–20 mol%) were 

synthesized using melt quench technique. Structural, optical and mechanical properties were 

investigated with increase in CaF2 content. Using X-ray diffraction (XRD), synthesized glasses were 

confirmed to be amorphous in nature. Replacement of oxygen ions by fluorine ions increased the 

values of density. Decrease in refractive index due to the low polarizability of fluorine ions in the 

glass matrix was observed. In Fourier transform infrared (FTIR) spectra, the slight variation in as  

(PO2) band position and intensity could be attributed to replacement of fluorine ions for oxygen ions 

in phosphate glass structure. These data were well supported by Raman spectra. Optical band gap 

energy increased from 3.44 eV to 3.64 eV with increase in CaF2 content, and Urbach energy 

decreased suggesting that the fluorine ions reduced the tail energy states in the band gap compared to 

the oxygen ions. Mechanical parameters such as Vickers hardness, fracture toughness and brittleness 

were evaluated from the Vickers micro indentation measurements. Increase in Vickers hardness, 

decrease in fracture toughness and increase in brittleness were observed with increase in CaF2 content. 

Keywords: phosphate glass; Fourier transform infrared (FTIR) spectra; Raman spectra; mechanical 

properties 

 

1  Introduction 

Modern technological applications have stimulated 

much importance in the study of optically transparent 

materials. Materials which have a broader optical 

transmission range from visible (Vis) to infrared (IR) 

wavelength region, gain much interest in the field of 

telecommunication, remote sensing, wave guides, 

photonics and optoelectronics [1–4]. Compared to 

oxide based glasses, fluoride based glasses show 

additional advantages, such as high transparency from 

IR to ultraviolet (UV) region, low glass transition 

temperature, low linear and nonlinear refractive index, 

low phonon energies and their potential as hosts for 

active rare earth ions [5,6]. However, these fluoride 

based glasses have various regular features, such as the 

chemical reactivity of fluoride melts, devitrification 

tendency and responsiveness to water. In that sense, 

the combination of oxides and fluorides, particularly 

oxyfluorophosphate glasses, appears to be very 

interesting and attractive materials [7,8].  
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Development of low melting point oxyfluoro-   

phosphate glasses with low glass transition 

temperature, high chemical durability and high 

mechanical strength requires knowledge of their 

molecular and structural chemistry which is also 

essential to design them for practical applications. 

Many investigators introduced fluorine in oxide based 

glasses and studied the nature of bonding with the 

network forming cations using X-ray photoelectron 

spectroscopy (XPS) and nuclear magnetic resonance 

(NMR) spectroscopy [9–13]. They suggested that 

fluorine ions in glass covalently bond with network 

forming cations for lower fluorine content and bond 

with calcium ions for higher fluorine content. Also, 

they found that increase in band gap is due to the 

decrease in the donation of electrons from oxygen ions 

to glass modifiers. Hager applied Makishima and 

Mackenzie’s theory to calculate the elastic moduli of 

boron oxyfluoride glasses and found that the 

mechanical properties such as longitudinal modulus, 

Young’s modulus, shear and bulk modulus increase 

with replacing PbO by PbF2 due to significant 

modification of the boron coordination polyhedra in 

the glass matrix [14,15]. On the other hand, there are 

only a few studies about the effects of fluorine addition 

on the optical and mechanical properties of phosphate 

based glasses. 

The objective of this study is to examine the 

influence of the replacement of oxygen ions by 

fluorine
 

ions in (50x)CaO–xCaF2–50P2O5 glasses 

with x varying from 0 to 20 mol% using Fourier 

transform infrared (FTIR), Raman and UV–Vis 

spectroscopy, and mechanical properties by Vickers 

indentation technique. In addition to these studies, 

density, molar volume and refractive index 

measurements have also been done on these glasses. 

2  Experimental procedure 

Glasses were synthesized by the conventional melt 

quench method using high purity Alfa Aesar chemicals 

such as CaO (99.9%), CaF2 (≥ 
99%) and P2O5 

(≥ 
98%) as starting materials. A batch of 20 g was 

weighed, thoroughly mixed in an agate mortar, then 

transferred into a silica crucible and melted at 1200 ℃ 

for 1 h in a PID controlled muffle furnace. After 

retaining the melt at that temperature for 1 h, it was 

cast into copper plates at room temperature. The 

obtained glass samples were then annealed at 400 ℃ 

for 5 h to relieve residual stresses developed during 

glass quenching and then slowly cooled to room 

temperature. Glasses were ground and polished on 

both sides to achieve a flat, optical quality surface   

for optical and mechanical measurements. The    

batch compositions of the studied glasses are shown in 

Table 1. 

The X-ray diffraction (XRD) studies of the prepared 

glass samples were carried out using JEOL, JDX-8P 

X-ray diffractometer with Cu Kα radiation in the 

diffraction angle (2θ) range of 20°–80°. The X-ray 

tube was operated at 40 kV and 30 mA. The density of 

the glass samples was determined using the standard 

Archimedes method with xylene as the immersion 

fluid. The molar volume (Vm) was calculated using the 

formula Vm = M/d, where M is the glass molecular 

weight calculated from the batch composition and d is 

the measured density of the glass. The values of 

refractive indices were measured at room temperature 

using an Abbe refractometer (MAR-33) with an 

accuracy of ±0.001. The structural investigation was 

performed using FTIR spectrometer (JASCO-4200, 

Japan) within 400–4000 cm
1

 at an average resolution 

of 32 scans per cm
1

. Raman spectra were also collected 

for all the glass samples using Alpha 300 WITec 

spectrometer with a spectral resolution of about 1 cm1. 

The optical absorption spectra were recorded using 

fibre optic spectrometer (SD 2000, Ocean Optics Inc., 

USA) in a spectral range from 250 nm to 850 nm. The 

Vickers hardness of the glasses was measured using 

Vickers diamond pyramid indentation technique 

(Clemex micro hardness tester, MMT X7, Matsuzawa 

Seiki Corp., Japan) by applying 0.98 N for 10 s. 

Table 1  Batch composition and physical and optical properties of (50x)CaO–xCaF2–50P2O5 glasses 

Sample 
CaO 

(mol%) 

CaF2 

(mol%) 

P2O5 

(mol%) 

Density 

(±0.001 g/cm3)

Molar volume 

(±0.01 cm3/mol)

Refractive 

index (±0.001)

Optical band 

gap energy (eV) 

Urbach 

energy (eV)

CPF0 50 0 50 2.589 38.24 1.547 3.44 0.390 

CPF1 45 5 50 2.599 38.50 1.543 3.47 0.374 

CPF2 40 10 50 2.612 38.74 1.540 3.53 0.371 

CPF3 35 15 50 2.628 38.91 1.538 3.59 0.345 

CPF4 30 20 50 2.637 39.20 1.534 3.64 0.314 
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Average hardness of ten indentations was taken for 

each glass specimen. For the fracture toughness 

measurements, indentations were performed on glass 

samples at 19.6 N to obtain median-radial cracks.   

The developed crack length measurement was done 

using optical microscopy. The indentations with 

median-radial cracks were further examined under 

scanning electron microscope (SEM, JEOL-JSM-    

6380LA, Japan). The glass samples were gold 

sputtered by using a JFC 1600 autofine coater (JEOL, 

Japan) before being observed under the SEM. Energy 

dispersive X-ray spectroscopy (EDX) was used to 

analyze the composition of glasses. 

3  Results and discussion 

The XRD patterns of the prepared glasses are shown in 

Fig. 1. No sharp diffraction peak can be observed in 

the spectra, which shows that the samples are indeed 

amorphous in nature. Table 1 shows the variation in 

density and molar volume of the studied glasses with 

the composition. The density of the glasses varies 

between 2.589 g/cm
3
 and 2.637 g/cm

3
 and is found to 

increase slightly with increase in CaF2 content in the 

glasses. Since the ionic bonds are non-directional in 

nature, increasing the CaF2 content will lead to the 

breakdown of the structural skeleton into a closer 

packing [15]. This leads to increase in measured 

density of the glasses. On the other hand, the values of 

molar volume Vm increase slightly from 38.24 cm
3
/mol 

to 39.20 cm
3
/mol with increase in CaF2 content. Here 

CaF2 acts as network modifier and introduces excess 

structural volume due to decrease in CaO content 

which leads to increase in the overall molar volume of 

the present glasses.   

The addition of CaF2 to the phosphate glasses leads 

to the decrease in refractive index from 1.547 to 1.534 

by substituting oxygen ions with fluorine ions, which 

may be due to the smaller polarizability of fluorine 

ions than that of oxygen ions [16]. The batch 

composition of the prepared glasses and the values of 

density, molar volume and refractive index are 

summarized in Table 1.  

Figure 2 shows the typical FTIR spectra in the wave 

number range from 400 cm
1 

to 1600 cm
1

 of 

(50x)CaO–xCaF2–50P2O5 glasses. As seen from this 

figure, the band at about 1287–1300 cm
1

 is assigned 

to asymmetric stretching modes as (PO2) of the two 

non-bridging oxygen atoms bonded to a phosphorus 

atom in the Q
2
 phosphate tetrahedron. The intensity of 

as (PO2) band increases with increase in CaF2 content. 

This may be due to the replacement of fluorine ions for 

oxygen ions at the constant P2O5 content leading to the 

increase in bond strength. Similarly, the asymmetric 

stretching of PO3 group is present at around 1075– 

1086 cm
1

 and is shifting to lower wave number. The 

intensity of these bands decreases up to 10 mol% CaF2 

and finally disappears. The absorption bands 

as (P–O–P) and s (P–O–P) occurring at about 

906–910 cm
1

 and 776–781 cm
1 

are assigned, 

respectively to the asymmetric and symmetric 

stretching modes of the bridging oxygen atoms bonded 

to a phosphorus atom in the Q
2
 phosphate tetrahedron. 

The slight variation in the band position is observed. 

The bands at around 470–480 cm
1

 can be ascribed to 

deformation modes of PO4

3 
groups. The replacement 

of fluorine ions for oxygen ions at the constant P2O5 

content does not disrupt the phosphate structure 

 
Fig. 1  XRD patterns of (50x)CaO–xCaF2–50 P2O5 

glasses. 

      

Fig. 2  FTIR spectra of (50x)CaO–xCaF2–50P2O5 

glasses. 
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drastically and the band assignments shown in Fig. 2 

are consistent with the reported literature [13]. The 

corresponding band assignments for all the prepared 

glasses are summarized in Table 2. 

Typical Raman spectra in the frequency range 

between 400 cm
1 

and 1600 cm
1

 of (50x)CaO–     

xCaF2–50P2O5 glasses are shown in Fig. 3. The spectra 

of all the prepared glasses exhibit similar spectral 

feature. As per the reported literature [9], the bands 

around 1278 cm
1

 and 1174 cm
1

 are due to 

asymmetric and symmetric stretching modes of 

out-of-chain PO2 stretching respectively in the Q
2
 

phosphate tetrahedra. The absorption band around 

700 cm
1

 corresponds to the symmetric stretching 

modes of in-chain P–O–P of the bridging oxygen 

atoms bonded to two phosphorus atoms in Q
2
 

phosphate tetrahedra. As shown in Fig. 3, no new band 

is observed by replacing fluorine ions for oxygen ions. 

With increase of fluorine content, the intensity of about 

1278 cm
1

 band gradually increases due to the 

polymerization of the phosphate network [9]. Raman 

band assignments for all the prepared ternary calcium 

oxyfluorophosphate glasses are summarized in Table 3.  

Tauc plots for ternary oxyfluorophosphate glasses 

are shown in Fig. 4. The absorption coefficient ( )   

for the glasses can be associated with the optical band 

gap energy values by a power law proposed by Davis 

and Mott [17], which can be formulated as 

opt( )
( )

rE
B


 








           (1) 

where ( )   is the absorption coefficient at an 

angular frequency, 2π  ; B is a constant; 
opt

E  is 

the optical band gap energy;   is the photon energy 

of the incident beam; and index r can assume values of 

1/2, 3/2, 2 and 3, depending on the mechanism of 

interband transitions. For the indirect transitions in 

glassy materials, the value r = 2 gives the best fit to the 

experimental results as suggested by Tauc [18] and 

Davis and Mott [17]. The values of optical band gap 

energy are obtained from extrapolation of the linear 

portion of the 1/2( )   vs.   plot and the 

intercept on the energy axis is shown in Fig. 4.  

The absorption coefficient ( )   close to the band 

edge exhibits an exponential dependence on the 

incident photon energy .  The fundamental 

absorption edge generally obeys the Urbach rule [19]: 

0
( ) exp

E

       


          (2) 

where 0  is a constant; E  is the Urbach energy 

which shows the width of the band tails of the 

localized states within the energy gap. Urbach energy 

Table 2  Infrared absorption bands for 

(50x)CaO–xCaF2–50P2O5 glasses 

Infrared absorption band (cm1) 

CPF0 CPF1 CPF2 CPF3 CPF4 
Band assignment

470 472 478 478 480 
Deformation modes 

of PO4
3 groups 

776 781 780 781 780 
Symmetric stretch of 

P–O–P bridges 

909 906 907 910 906 
Asymmetric stretch 

of P–O–P bridges

1086 1075 1078 — — 
Asymmetric stretch 

of PO3 groups 

1287 1291 1293 1300 1291 
Asymmetric stretch 

of PO2 band 

 

Table 3  Raman bands for (50x)CaO–xCaF2–50P2O5 glasses 

Raman band (cm1) 

CPF0 CPF1 CPF2 CPF3 CPF4 
Band assignment 

700 699 701 695 696 Symmetric stretching modes of in-chain P–O–P of the bridging oxygen atoms 

1174 1175 1175 1173 1175 Symmetric stretching modes s (PO2) of non-bridging oxygen atoms 

1278 1276 1276 1274 1276 Asymmetric stretch of the as (PO2) of non-bridging oxygen atoms 

 

 

Fig. 3  Raman spectra of (50x)CaO–xCaF2–50P2O5 

glasses. 
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is determined experimentally from the reciprocal of the 

slope of the linear portion of the ln  vs.   curves 

shown in Fig. 5 in the lower photon energy regions and 

is included in Table 1.  

In the present investigation, the increase of 
opt

E  

from 3.44 eV to 3.64 eV with increase in CaF2 content 

is probably related to the formation of non-bridging 

fluorine (NBF) atoms which are substituting the 

bridging oxygen (BO) atoms [20,21]. The optical band 

gap energy opt
E  of these glasses depends on the 

surrounding metal ions and the concentration of 

bridging and non-bridging oxygen atoms. The optical 

transitions in these glasses are emerging from the 

excitation of electrons from the oxygen atom energy 

levels to the energy levels of the metal ions. The 

existence of negative charge on the non-bridging 

oxygen atoms assists the excitation of their electrons to 

the higher energy level. This mechanism is dominant 

in non-bridging oxygen in comparison with that of the 

bridging oxygen in which there is an absence of 

negative charge.  In general, the electronegativity of 

fluorine atoms (3.98) is larger compared to that of 

oxygen atoms (3.44). The replacement of fluorine ions 

for oxygen ions causes decrease in the contribution of 

electrons from nearby ions and an increase in the 

average number of bridging oxygen atoms in the 

phosphate glass network because fluorine stabilizes 

more electrons than oxygen atoms causing increase in 

the optical band gap energy. A similar increase in 
opt

E  

values with an increase in non-bridging fluorine atom 

content has been reported for phosphate glasses [12]. 

In the present work, Urbach energy decreases from 

0.390 eV to 0.314 eV as present in Table 1. The origin 

of Urbach energy in amorphous materials may be the 

stronger broadening of absorption edge compared with 

crystals. This origin can be attributed to the lack of 

long range order, density fluctuations, phonon-assisted 

indirect electron transitions and charged impurities 

[22].  

Table 4 summarizes the mechanical properties of 

glasses analyzed in the present study. The mean value 

of Vickers hardness increases from 3.59 GPa to 

3.89 GPa. Vickers hardness and Young’s modulus are 

material properties. It is well known that elastic 

properties together with physical properties depend on 

the forces between atoms in the solid. Makishima and 

Mackenzie [23] proposed suitable model to evaluate the 

elastic properties of the glass packing density and the 

dissociation energies of the oxide constituents. The 

increase in Vickers hardness with increase in CaF2 

content may be due to the replacement of oxygen ions 

by fluorine ions in the glass matrix. The replacement 

causes the structure to be more compact and increases 

the cross linking strength [24]. In the present study, the 

Young’s modulus (E) of the polycomponent glasses has 

been calculated using the theoretical equation proposed 

by Makishima and Mackenzie. Recently, Inaba et al. 

[25] has calculated the Young’s modulus of several 

oxide based glasses and modified the dissociation 

energy of P2O5 from 62.8 kJ/cm
3
 to 28.2 kJ/cm

3
 in 

comparison with the values proposed by Makishima 

and Mackenzie. They found that a double bond (P=O) 

is a non-bridging bond and it does not contribute to the 

stiffness [26]. For the fracture toughness measurements, 

indentations were performed on glass samples at 19.6 N 

to obtain median-radial cracks. The developed 

median-radial crack length was measured using optical 

microscope. The fracture toughness was calculated, 

using the model proposed by Anstis et al. [27], which 

 

Fig. 4  Tauc plots of (50x)CaO–xCaF2–50P2O5 

glasses. 
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Fig. 5  ln  as functions of photon energy for 

(50x)CaO–xCaF2–50P2O5 glasses. 
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is given by  
1/2

IC 3/2

V

0.016
E P

K
H C

       
  

          (3) 

where E, VH , C and P are Young’s modulus (GPa), 

Vickers hardness (GPa), half of the crack length (μm) 

and applied load (19.6 N), respectively. Lawn and 

Marshall [28] have proposed a helpful model for the 

calculation of brittleness of glass, in which, index of 

brittleness B can be derived in terms of Vickers 

hardness and fracture toughness as 

V

IC

H
B

K
                  (4) 

where ICK  is the fracture toughness (MPa·m
1/2

). The 

increase in brittleness from 6.16 µm
1/2

 to 8.36 µm
1/2

 

with increase in CaF2 content can be due to the lack of 

plastic flow, and the morphology obtained in the 

indentation pattern due to cracking as shown in SEM 

images of CPF4 supports this view [29]. Fracture 

toughness decreases and brittleness increases with 

increase in CaF2 content and the values are given in 

Table 4. A typical SEM Vickers indentation and 

associated fracture pattern initiated for the 19.6 N 

crack initiation tests from the glass samples CPF0 and 

CPF4 are shown in Fig. 6.  

Radial crack patterns generated by Vickers 

indentations are extensively used to determine the 

fracture toughness ( ICK ) of glasses. Vickers diamond 

pyramidal indenter generates palmqvist cracks or 

median-radial cracks on the glass surface. In general, 

the cracks formed in all samples are originated from 

the four corners of the Vickers indentation, which often 

originates from the flaws and extends when the applied 

stress exceeds particular threshold. Table 4 shows 

decrease in the fracture toughness from 0.58 MPa·m
1/2

 

to 0.46 MPa·m
1/2 

with increase in CaF2 content, which 

is due to the increase in Young’s modulus and crack 

length. Figure 6(a) is the SEM image of median-radial 

cracks generated by the application of 19.6 N 

indentation load on glass CFP0 made with Vickers 

indenter. An arrow mark indicates the median-radial 

cracks extending from the four corners of the Vickers 

indentation pattern. Figure 6(b) illustrates an 

indentation site in CPF4 glass. The bottom left crack 

appears as a lateral crack extending from the outer 

 

Fig. 6  SEM of Vickers impression with radial cracks of glass samples: (a) CPF0 and (b) CPF4; (c) magnified view 

of CPF4; (d) EDX of CPF4. 

Table 4  Vickers hardness, fracture toughness and 

brittleness values of (50x)CaO–xCaF2–50P2O5 

glasses 

Sample 

Vickers 

hardness 

(GPa) 

Measured half 

of the crack 

length (µm) 

Fracture 

toughness 

(MPa·m1/2) 

Index of 

Brittleness

(µm1/2)

CPF0 3.59 163 0.58 6.16 

CPF1 3.65 170 0.54 6.72 

CPF2 3.74 175 0.51 7.27 

CPF3 3.81 182 0.48 7.91 

CPF4 3.89 185 0.46 8.36 
 

(a) 

(b) 

(d)

(c)
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shear faults which is indicated by the solid arrow. 

Figure 6(c) is a higher magnified image of CPF4 glass. 

The white reflections of the bright region indicate that 

a large amount of surface chipping is apparent and 

shear cracks are also formed in the indentation print. 

This indicates the higher brittleness of CPF4 in 

comparison with CPF0. The solid arrow indicates that 

median-radial cracks are extending from the outer 

shear faults. Fracture toughness is a property 

concerned with the mean bond strength and it varies 

with Young’s modulus. According to Osaka and 

Takahashi’s results [30], the bond strength between the 

modifying cations and non-bridging oxygen is much 

weaker than that between the phosphorus and bridging 

oxygen or phosphorus and non-bridging oxygen. It was 

concluded that propagating cracks in these glasses may 

be due to the breakage of the weakest bonds between 

the non-bridging oxygen and the modifying cations. 

The EDX image of Fig. 6(d) shows that Ca, F, O and P 

elements are present in CPF4 glass. 

4  Conclusions 

Ternary oxyfluorophosphate glasses with the 

composition of (50x)CaO–xCaF2–50P2O5 (x
 
=

 
0– 

20 mol%) were prepared by melt quench technique. 

Increasing the CaF2 content gave rise to increase in 

both density and molar volume and decrease in 

refractive index. Optical absorption bands of both 

stretching and bending vibrations were obtained and 

analyzed using FTIR and Raman spectra. Increase in 

optical band gap energy and decrease in Urbach energy 

were observed with increase in CaF2 content which 

may be due to the increase in average number of 

bridging oxygen. When the CaF2 content was increased, 

the Vickers hardness increased, fracture toughness 

decreased while the brittleness increased. An increment 

in the brittleness of synthesized glass was further 

confirmed by SEM of median-radial cracks generated 

due to Vickers indentation. Presence of CaF2 in the 

calcium phosphate glasses showed considerable effect 

on their mechanical and optical properties. 
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