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Abstract. 
Binary zinc phosphate glass system with composition of (ZnO)x(P2O5)1−x, ( = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mol%) was successfully prepared using a conventional melt-quenching method. Composition dependence of physical properties and elastic properties in the (ZnO)x(P2O5)1−x were discussed in association with  the effects of adding zinc oxide (ZnO) as a modifier. The addition of ZnO modifier was expected to produce substantial changes on physical properties of the phosphate glasses. An increase in density values of the phosphate glasses was observed. Elastic moduli were studied by measuring ultrasonic longitudinal and shear velocities ( and ) of the glasses at room. Longitudinal modulus, shear modulus, bulk modulus, Young’s modulus, Poisson’s ratio, and Debye temperature  were derived from both data of velocities and respective density of all of the samples. Findings from present work showed dependence of density and elastic moduli of each ZnO-P2O5 series on glass composition.
 


1. Introduction
Phosphate glasses have been extensively studied due to their interesting properties, such as high thermal expansion coefficient, high gain density, low melting point, low refractive index, low dispersive and transparency ability in a wide spectral range (from UV to IR), as well as potential applications in many industrial fields, which made the phosphate glass suitable for the fabrication of optical fibers, sensor, and laser technologies (laser host glasses) [1–5]. However, the poor chemical durability and high hygroscopic and volatile nature limited the phosphate glasses from replacing the conventional glasses in a wide range of technological applications [6–9]. Many researchers reported that properties of the glasses in terms of chemical durability and physical, structural, and elastic properties can be improved by the addition of metal oxides, such as ZnO, PbO, Al2O3, TiO2, and Bi2O3 [10–13]. Thus, the phosphate glasses with addition of heavy metal oxide have been found to be used in broad range of applications, such as photonic, bone regeneration and hermetic sealing technology.
In a phosphate glass, phosphorus always stands in a tetrahedral coordination. It is trustworthy from previous works that addition of glass former and/or glass modifier in the phosphate glass will increase density of the glass produced. This has been proven by the addition of lead oxide (PbO) by Matori et al. [13], ferum oxide (Fe2O3) by Sidek et al. [14], samarium oxide (Sm2O3) by Brassington et al. [15], vanadium oxide (V2O5) by Mierzejewski et al. [16], and phosphate glass by Farley and Saunders [17]. Further investigation by other researchers that had studied binary lead phosphate glasses showed an increase in the density and molar volume as PbO was added to the phosphate network system. The addition of PbO and a decrease in the P2O5 concentration in the glass network would cause the densities to increase. This indicated that the Pb2+ might act as a network modifier, which altered structure of the glass by reducing nonbridging oxygens (NBOs) in the network and causing the structure to become more compact [13]. Sidek et al. on the other hand studied the effects of ZnO addition on thermal properties of tellurite glass. Experimental results showed an increase in density and thermal expansion coefficient as more ZnO content was being added to the tellurite glass network with a decrease in glass transition, Debye temperature, and softening temperature. The decrease was believed to be related to a change in coordination number of the glass network and destruction of the network structure by the formation of some NBOs atoms [18]. In addition, Kim et al. studied the effects of ZnO addition on photoluminescence of the phosphate glass [19]. It was disclosed that the zinc phosphate glasses were chemically durable with a processing temperatures below 400°C. Hence, zinc phosphate glasses have been used as nuclear waste hosts due to their high chemical durability and low processing temperature [20]. Le Saout et al. characterized the structure of (PbO)x(ZnO)0.6−x(P2O5)0.4 system using 31P NMR, Raman, and infrared spectroscopies. The investigations revealed no significant change in the average chain length composed of PO4 tetrahedral units with the substitution of Zn for Pb cation [21].
In this study, ZnO is added to the phosphate glass network as a glass modifier to improve chemical durability of the glass. The resulting zinc phosphate glasses would be interesting for study since the glass phase can be formed over a wide range of concentrations. Moreover, the ZnO can enter the glass network, both as network modifier and as a network former [22, 23]. It was also suggested that a dramatic improvement in chemical durability of the phosphate glasses was associated with the formation of P–O–Zn bond after the addition of ZnO into the phosphate network [24]. In order to further investigate the effects of ZnO addition into the phosphate glass system, physical and elastic properties of the zinc phosphate glass network are of concern in this work. A short-term significance of this work is to establish a baseline for the elastic properties of the phosphate glass with the addition of ZnO into the glass network.

2. Experimental Details
Glass batch of (ZnO)x(P2O5)1−x binary zinc phosphate (where  = 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mol%) was prepared using conventional melt-quenching method. All the glass samples were prepared from commercial powders by mixing specific weights of the batches using zinc oxide, ZnO (99.99%, Assay, Alfa Aesar, Ward Hill, MA, USA), and phosphorus pentoxide (P2O5) (97.00%, Technical grade, Alfa Aesar, Ward Hill, MA, USA) weighed in appropriate quantities according to the mol% of the composition in glass samples. The mixture was ground using an agate mortar to obtain good homogeneity.
The mixture was then placed into an alumina crucible and heated at 1100°C in a box furnace for an hour. The molten mixture was then quickly poured into a stainless steel mould at room temperature. The glass samples were annealed at 350°C ( of zinc phosphate glass in the range of 280°C to 370°C) for an hour before the furnace was switched off in order to remove the thermal strain [23]. The glass samples were allowed to cool down in situ at room temperature for a day. Later, the glass samples were cut (dimensions of ~10 mm × 20 mm) by using an Isomet Low Speed Saw machine (Buehler) and polished using fine sand paper to obtain flat, parallel end faces that were suitable for ultrasonic measurements.
Density measurement was performed using the Archimedes method with acetone as the buoyant liquid: 
						
					where  is the glass sample weight in air,  is the glass sample weight in acetone, and  is the density of acetone. All of the glass samples’ weights were measured with a digital balance (±0.0001 g accuracy). The molar volume was calculated using the relation of , where  is the molar weight and  is the density of glass. Ultrasonic measurements were performed at room-temperature by pulse superposition technique using an Ultrasonic Data Acquisition System (Matec 8020, Matec Instruments, USA) at 10 MHz via x-cut and y-cut quartz transducers with a burnt honey used as a bonding material between the glass samples and the transducers. By measuring thickness of the glass sample (), the longitudinal () and transverse () wave velocities can be measured and calculated using the relation . The absolute accuracy in the measurement of the velocity is ±5 ms−1, and the relative error is ±0.1%.
In an amorphous solid, elastic strain produced by small stress can be described by two independent elastic constants,  and . Elastic moduli were calculated using the following standard relations [17]:
						
3. Results and Discussion
The prepared zinc phosphate ((ZnO)x(P2O5)1−x) glasses were subjected to ultrasonic measurements at room temperature. Table 1 presents the value of density (), molar volume (), sound velocities (both longitudinal () and transverse ()), the calculated elastic constants ( and ), bulk modulus (), Young’s modulus (), Poisson’s ratio (), and Debye temperature () for the investigated samples. When a higher mol% of ZnO was added to the phosphate glass system, an increase in the density () of the glass system from 2420 kg m−3 to 3281 kg m−3 was observed (Figure 1). The values of the density measurement are near to other researches [19, 21]. This was due to the reduction of P2O5 concentration in the glass network, whereby the Zn2+ would act as a network modifier, to reduce the number of nonbridging oxygens (NBOs) in the glass structure and a more compact glass was formed. The possible reactions in the glass network can be represented as follows:
						
					The additional oxygen sharing and charge balance requirements are met by the conversion of P=O in [POO3/2] units to form P–O in [PO4/2]+ units. Therefore, continuous titration of P=O bonds was needed in order for the Zn to be incorporated into the glass network and formed P–O–Zn linkages [23].
Table 1: The values of density, molar volume, sound velocities, elastic moduli, Poisson’s ratio, and Debye temperature. 
	

	Glass sample ()	 (kg m−3)	 (cm3 mol−1)	 (m/s)	 (m/s)	 (GPa)	 (GPa)	 (GPa)	 (GPa)		 (K)
	

	0.1	2420	56.2	3887	2406	36.6	14.0	17.9	33.3	0.189	257
	0.2	2590	50.1	3986	2424	41.2	15.2	20.9	36.8	0.207	265
	0.3	2745	45.1	4087	2446	45.8	16.4	24.0	40.1	0.221	276
	0.4	2937	40.1	4158	2462	50.8	17.8	27.0	43.8	0.230	283
	0.5	3105	36.0	4275	2486	56.7	19.2	31.2	47.8	0.245	293
	0.6	3281	32.2	4376	2506	62.8	20.6	35.4	51.8	0.256	303
	







	
	
		
			
				
					
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
			
				
			
			
			
			
		
	


Figure 1: Variation of density versus ZnO mol%.


Figure 2 shows that the molar volume of the glasses is decreased as the content of ZnO is increased. Generally, an opposite trend for the density and molar volume of the investigated samples were observed in this work, which was in agreement with previous reported results [25, 26]. A decrease in molar volume of the (ZnO)x(P2O5)1−x glasses from 56.2 cm3 mol−1 to 32.2 cm3 mol−1 was observed due to the substitution of phosphorus by zinc. Since the radius of Zn2+ (0.074 nm) was greater than P5+ (0.038 nm), the addition of ZnO into the glass system has caused an increase in the bond length or inter-atomic spacing between the atoms, whereby the glass network will expand and form more pores.




	
	
		
			
				
					
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
						
				
				
			
		
	


Figure 2: Variation of molar volume versus ZnO mol%.


Zn2+ ions might enter the glass network interstitially to break the P–O–P bonds that might lead to the formation of ionic bonds between the Zn2+ and single bonded oxygen atoms. So if one assumed that the only effect of adding Zn cations was to break down the network bonds P–O–P, then the decrease in the molar volume with ZnO content would be expected for the entire vitreous range of the studied glass system. Therefore, the compactness of the glass will increase and reduce NBO’s, which increased the rigidity of the glasses [27].
The longitudinal () and shear ultrasonic () velocities in binary zinc phosphate glass systems with different mole fractions of ZnO content are depicted in Figure 3. The changes of glass structure were depending on the propagation of both longitudinal and shear wave velocities in the bulk samples. Hence, filling of Zn2+ ions into the phosphate glass network would result in the glass structure being more compact and rigid. As a result, both velocities  and  were increased from 3887 m s−1 to 4376 m s−1 and 2406 m s−1 to 2506 m s−1, respectively. It can be seen that the values of  are higher than . The increase of ultrasonic velocities with the increase of ZnO concentration has been observed, indicating that ZnO plays a dominant role in the velocities. The increase in ultrasonic velocity of the studied glass revealed the fact that the addition of ZnO to the phosphate glass would cause a swift movement of the ultrasonic wave inside the network of the glass structure. Due to this factor, the ultrasonic velocity of the glasses would increase as the ZnO content was increased. In this (ZnO)x(P2O5)1−x glass system, ZnO functioned as a network modifier. The ZnO would modify the glass structure, making a glass harder.




	
	
		
			
				
					
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
						
					
						
				
			
			
				
					
						
					
						
				
			
			
				
					
						
					
						
				
			
			
				
					
						
					
						
				
			
			
				
					
						
					
						
				
			
			
				
					
						
					
						
				
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
				
				
			
			
				
					
				
				
			
		
	


Figure 3: Variation of sound velocity versus ZnO mol%.


The independent elastic constants for isotropic solids and glasses are longitudinal modulus () and shear modulus (), where calculation for other elastic constants and Poisson’s ratio depend on the density and both the velocities values. Young’s modulus () determined from the sound velocity was defined as a ratio of the linear stress over the linear strain [27], whereby this Young’s modulus was related to the bond strength of the materials. The bulk modulus () was defined as the changing in volume when a force is acted upon it at all directions [28].
Figure 4 shows the variation of elastic moduli: , , , and  versus mol% of ZnO. The values of elastic moduli were showing an increasing trend with the increase of ZnO content. The attainment of a higher value of  than  indicated that the (ZnO)x(P2O5)1−x glasses were able to withstand a higher longitudinal stress than transverse stress. The increase in  and  was due to the changing in the coordination number with an increasing in the ZnO content. A comparison between  and  () indicated that the samples were more tolerant to the stress from one direction than the stress from all directions. Since the addition of ZnO would increase the rigidity of glass structure, the velocity and elastic moduli would also increase.




	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
			
			
			
			
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
			
				
					
						
							
						
							
					
				
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
		
	


Figure 4: Variation of elastic moduli versus ZnO mol%.


The obtained Poisson’s ratio from the elastic moduli is shown in Figure 5. Poisson’s ratio obtained from the glasses was affected by the crosslink density of the glass structure. An increase in Poisson’s ratio from 0.189 to 0.256 as a function of ZnO content suggested that an equal amount of stress was applied throughout the whole range of the glass composition and the lateral strain was gradually leveled out [29]. In addition, the observation made in Poisson’s ratio supported that there were changes in cross link densities. A continuous increase in the Debye temperature was observed as more ZnO was added to the glass system (Figure 6). This was an indication that the obtained Debye temperature from the ultrasonic velocity data was sensitive towards the amount of ZnO content in glass system, whereby the packing structure of the glass became more compact due to the reduction of NBO’s as the ZnO content was being increased.




	
	
		
			
				
					
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
						
				
				
				
				
			
		
	


Figure 5: Variation of Poisson’s ratio versus ZnO mol%.






	
	
		
			
				
					
			
			
				
			
			
				
					
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 6: Variation of Debye temperature versus ZnO mol%.


4. Conclusion
As a conclusion, a series of binary (ZnO)x(P2O5)1−x, zinc phosphate glass systems have been successfully prepared and characterized. Based on the results, it showed that the densities increased when ZnO content was added to the phosphate glass systems, while a molar volume was decreased. The increase in density was also probably caused by a change in crosslink density and coordination number of Zn2+ ions. The addition of ZnO and a decrease of the P2O5 concentration in the glass network caused the densities to increase, indicating that the Zn2+ had served as a network modifier and altered structure of the glass by reducing NBOs in the network, and thus the structure turned out to be more compact. The decrease in the molar volume might be attributed to a decrease in the bond length or interatomic spacing between the atoms. The velocities ( and ), elastic moduli (, , , ), Poisson’s ratio, and Debye temperature showed a gradual increasing trend as ZnO was being added to the phosphate glass network. The dramatic increase in ultrasonic velocity and elastic moduli was suggested to be caused by the increase in rigidity and change in coordination number as a result of the decrease in the NBO’s, as revealed by density measurement.
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