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Abstract: ZnO incorporated phosphate based bioglasses with the composition xZnO–22Na2O–
24CaO–(54-X)P2O5 (where X = 2, 4, 6, 8, 10 mol%) were developed by melt-quenching process.
The physical, thermal and other structural properties of the glasses were studied in detail.
By employing various characterization techniques such as X-ray powder diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), Scanning electron microscopy (SEM) in addition
to the energy dispersion spectroscopy (EDS), and Raman spectroscopy, the structural properties
were analyzed. Interestingly, physical, thermal and mechanical properties were enhanced with the
increasing content of zinc oxide up to 8 mol%, due to the presence of more ionic nature of P–O–Zn
bonds than P–O–P bonds in the glass network. The FTIR and Raman analysis revealed the evolution of
the phosphate network with increasing zinc concentration and leads to progressive depolymerisation
of the glass network. The obtained results from the physical and structural properties of these zinc
added calcium phosphate glasses support their potential to use as bone implant applications.

Keywords: zinc oxide; P2O5-bioglass; glass-forming ability; structural properties; thermal stability

1. Introduction:

The phosphate based glass and glass ceramics are the most prominent materials in the repair and
regeneration of damaged soft and hard tissues. In the 1970s Larry Hench and his co-workers developed
a bioactive glass composition (45S5) successfully [1]. Several clinically approved bioactive glasses such
as 45S5, 58S, and some silica based glasses are used excellently for bone and dental applications [2,3].
However, the long-term interaction of silica locally and systemically is not yet understood completely
and raises the issue of the continuing reaction in vivo [4,5]. Due to accomplished bioactivity and
substantiated biocompatibility, the bioactive glass-ceramics are used as promising materials for medical
applications, especially in dental and orthopedic implants [6]. As an alternative to rarely absorb SiO2

based glasses for tissue repair, P2O5 based glasses were developed by many researchers owing to
specific properties such as higher values in biocompatibility, degradability, electrical conductivity and
thermal expansion coefficient, with lower values in dissipation temperature, transition temperature and
chemical durability [7,8]. Glasses made of phosphate have feasible applications in biology, batteries,
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laser technologies, etc. [9]. The basic building blocks of crystalline and amorphous phosphates are
the P-tetrahedra (PO4), which are formed via the covalent extrapolating of oxygen atoms and with
the various phosphate anions; also, the structure of phosphate glass composition depends on the O/P
ratio [10–12]. Among phosphate-based glasses, the calcium containing phosphate glasses possess
high bioactivity. Moreover, these glasses are the best sites for bone bonding due to the chemical
composition which is very close to the natural bone phase [13]. In general, phosphate-based glasses
have high dissolution and poor chemical durability when compared with silicate and borate based
glasses, which limits the applications. The control over degradation rate and improvement of chemical
durability can be obtained by adding intermediate network modifiers such as transition metal oxides
(Ca2+, Na+, Zn2+,Mg2+, Sr2+ and K+) [14,15]. A highly explicable material is easily diminished through
submissive dissolution in body fluids, impeding onset of the tissue remodeling method; a method of
blending bioactive glass accompanied by other formidable and stabilized materials rather than sol-gel,
the melt-derived bioactive glasses are more flexible [2]. Zinc is one of the most abundant trace elements
present in bone and it shows a stimulatory effect on the formation of bone mineral phase in vitro and
in vivo. In particular, zinc enhances quite well the bioglass chemical durability in aqueous solutions
such as body fluids, and also moderately increases the mechanical strength [7,16,17]. Abou Neel et al.
reported that the formation of bone bonding improves by replacing some content of calcium with
zinc in bioglass system [7,18]. The glass modifier oxides such as Na2O and CaO which are mixed
with phosphate network control the extent of bioglass solubility in physiological environment [19].
In the recent past, Calcium phosphate based bioactive quaternary glass systems P2O5–CaO–Na2O–K2O
were prepared by melt growth technique. Glasses were prepared in five different compositions by
fixing P2O5 at 47 mol% and CaO at 30.5 mol% and by varying the K2O and Na2O concentrations [20].
The ability of the assembling bond and the physiological environment attributed to the ionic interaction
with the host medium entrenched the bioactivity of the substance [21].

In this present article, we have reported the development of a novel ZnO–Na2O–CaO–P2O5 bioglass
system and the detailed investigations have been done to explore the effect of ZnO appropriateness for
bone integrate implants.

2. Experimental Methods and Materials

2.1. Synthesis of Bioglass Samples

A high purity (99.9%) of chemicals P2O5, ZnO, CaO and Na2O from Sigma-Aldrich (St. Louis,
MO, USA) were used to synthesize the glass samples with the help of accustomed melt-quenching
technique. The above mentioned chemicals were weighed in terms of batches and thoroughly blended
in an agate mortar and then melted using a platinum crucible in the temperature range of 1000 ◦C for
2h. The homogeneous mixture of liquid melt was cast into pre-heated brass mould of pre-requisite
dimensions and then transferred into an annealing furnace maintained at a temperature of 250 ◦C,
below the glass transition temperature Tg for 2h and later on allowing them to cool slowly till room
temperature for the removal of residual stress. The final form of glass samples were collected and used
for various characterization purposes. The chosen glass composition and glass codes are shown in
Table 1.

Table 1. Glass sample code and nominal glass composition details.

Glass Code ZnO Na2O CaO P2O5

Z2 2 22 24 52
Z4 4 22 24 50
Z6 6 22 24 48
Z8 8 22 24 46

Z10 10 22 24 44



J. Compos. Sci. 2020, 4, 129 3 of 14

2.2. Physical Parameters and Microhardness

2.2.1. Physical Parameters

A digital balance of model BSA22S-CW: Sartorius with a certainty of±0.0001g was used to measure
the densities of the prepared bioglass samples. The density calculations were done by applying the
Archimedes principle with O-xylene as a buoyant liquid. The standard formula used for density
measurement is:

ρg =

Wa
Wa−Wxylene

× ρxylene (1)

where Wa =weight in air, WXylene =weight in xylene and ρxylene = density of xylene (0.867 g/cm3).
In order to get accuracy in density, the average value of five replicates was considered in calculations.

Further crucial substantial physical parameters, Oxygen molar volume (VO), Molar volume (Vm)
and Oxygen packing density (OPD) were deliberated with precision utilizing density and standard
formulas VO = (

∑

xiMi/ρg)(1/
∑

xini), Vm =
∑

xiMi/ρg and OPD = 1000C (ρ/M), respectively [22,23].
Where C = number of oxygen atoms per each configuration, xi =molar fraction of each component,
M =molecular weight of bioglass, ρg = glass density, ni = number of oxygen atoms in each oxide and
Mi =molecular weight of each component.

2.2.2. Microhardness and Fracture Toughness

The SHIMADZU-HMV-G20S (Shimadzu, Kyoto, Japan), microhardness tester was employed
in the microhardness (Hv) test of the prepared samples, at an ambient temperature under a weight
of 1.96 N and a retention period of 15s applied. For certainty of the measurement, ten indentations
were taken at different points on the surface of each specific sample. The consequential traces of the
indentations were captured and after unloading the corresponding length of the indentation imprint
diagonals and the length of the crashes originated from the corners of the indentation imprints were
also recorded by a high resolution microscope. These indentation measurements were carried out at
ambient temperature with relative humidity. The fracture toughness (KIC) and microhardness (Hv)
were calibrated with the help of the formula:

Hv = 1.854
F

d2
(2)

where Hv = Vickers hardness in GPa, F = applied force in newton and d =mean length of the diagonals
of the indentation in meters. The following formula is used for KIC the glass fracture toughness:

KIC = 0.016 Hv
a2

C3/2
(3)

and units is in (MPa m1/2), where a = half-length of diagonal of indentation, c = crack length of the
center of indentation to the crash end [24].

2.3. Thermal Properties

With the help of the NETZSCH-STA 2500 (NETZSCH, Selb, Germany) Regulus thermal analysis
system, DTA & TG measurements were carried out on glass powder samples in an air medium from
room temperature to 1000 ◦C with a heating frequency of 10 K min−1.The glass powders with ~20 mg
quantity were taken in an alumina crucible and powdered alumina was used as a reference material
to determine the crystallization temperature (Tc), melting temperatures (Tm) and glass transition
temperature (Tg). The difference between Tc and Tg representing the thermal stability (∆T) and the
ration between Tc − Tg and Tm− Tc gives Hruby’s criterion (H) of the glass system:

∆T = Tc− Tg (4)
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and

H =

Tc− Tg

Tm− Tc
(5)

2.4. Structural Description of Bioglasses

A PANalytical X’pert Powder (Malvern Panalytical Ltd, Malvern, UK), XRD is using Cu–Kα as a
radiation source was used to confirm the amorphous nature of the prepared bio-glass samples at a
diffraction angle scanning in the range of 10◦–80◦ with a step scope resolution of 0.001◦ and 20 s time
per step. FTIR (PerkinElmer, Shelton, USA) transmittance spectroscopy (model: S100, PerkinElmer)
was employed in the wavenumber region between 400–4000 cm−1 for the functional group analysis.
The bioglass samples were blended carefully with KBr powder, and then sent for pressing to form
pellets under vacuum pressure for analyzing the functional groups present in the prepared samples.
The Raman spectra of zinc incorporated P2O5 bioglass were performed using a Renishaw Invia Reflex
Micro Raman Spectrometer (Renishaw plc, Wootton-under-Edge, UK) in the range of 100–1800 cm−1

at the room temperature and using an Argon ion laser of excitation 514.5 nm under backscattering
alignment. The FTIR and Raman spectra were deconvoluted (With Lorenz-type function by using an
Origin 8.5 software), in order to get the information on the various structural bands present in the
prepared glasses [25]. The morphology and microstructure of the bioglass samples were characterized
by using a SEM of VEGA 3 LMU, TESCAN (TESCAN, Brno–Kohoutovice, Czech Republic) [23].

3. Results and Discussion

3.1. Physical Parameters of the Bioglasses

The experimental results of various physical parameters like oxygen packing density (OPD),
oxygen molar volume (VO), molar volume (Vm), and density (ρg) of the bioglasses are summarized
in Table 2. The ZnO concentration (in mol%) versus density, oxygen packing density, oxygen molar
volume and molar volume are shown in Figure 1a,b. The physical parameters VO and ρg were found to
be increasing, whereas the OPD and Vm tended to be decreased with the increase in ZnO concentration.
The Vo of the prepared samples exhibited a slight increase from 24.143 to 24.504 cm3/mol. The increase
in density clearly indicates the presence of more ionic nature of P–O–Zn bonds than P–O–P bonds
in the glass network, produces the compactness of the glass structure [26] and also due to the higher
density of ZnO (5.61 g cm−3) when compared to P2O5 (2.30 g cm−3) [27]. Conversely, the decrease in
molar volume was a result of depletion in the mole fraction of the oxygen ions in the glass sample [28].
The diminishing of molar volume can be ascribed to the strong bond strength of Zn–O bond in
comparison to P–O–P and P–O bonds which results in smaller bond lengths consequently causing a
tightening of the glass network [27,29,30]. The replacement of P2O5 by ZnO is the primary cause of
systematic decreases as the ionic radii of oxygen ions are higher when compared with radii of both the
Zn and P ions [31,32]. Oxygen packing density (OPD) of the glasses varied from 76.389 to 72.667 mol/L
and were found to decrease with the content of Zinc oxide (2 to 10 mol%) which is attributing to the
less tightly packing of oxygen atoms in the glass network [22].
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Table 2. Physical parameters of the ZnO–Na2O–CaO–P2O5 glass system.

Sample
Code

Molar
Mass

(g/mol)

Molar
Volume (Vm)

(cm3/mol)

Density
(ρg)

(g/cm3)

Oxygen Molar
Volume (Vo)

(cm3/mol)

Oxygen Packing
Density (OPD)

(mol/L)

Vickers
Hardness
Hv (GPa)

Fracture
Toughness, KIC

(MPa m1/2)

Z2 102.532
40.319

(±0.626)
2.543

(±0.068)
24.143

(±1.207)
76.389

(±1.785)
2.615

(±0.074)
0.176

(±0.004)

Z4 101.321
39.765

(±0.757)
2.548

(±0.077)
24.247

(±1.514)
75.443

(±1.782)
2.652

(±0.075)
0.183

(±0.005)

Z6 100.110
39.151

(±0.672)
2.557

(±0.072)
24.317

(±1.424)
74.582

(±1.981)
2.763

(±0.097)
0.198

(±0.004)

Z8 98.898
38.497

(±0.589)
2.569

(±0.069)
24.365

(±1.142)
73.772

(±1.528)
3.190

(±0.092)
0.250

(±0.005)

Z10 97.687
37.981

(±0.676)
2.572

(±0.076)
24.504

(±1.332)
72.667

(±1.762)
2.781

(±0.100)
0.196

(±0.004)

 

 

ρ

Δ

Δ

Figure 1. Variability of distinct physical parameters of glasses investigation with the increase in content
of ZnO (mol%): (a) Density (g/cm3) and molar volume (b) Oxygen packing density and Oxygen
molar volume.

3.2. Thermo Gravimetric-Differential Thermal Analysis

The perusal of various thermal parameters such as Hruby’s criterion (H), crystallization
temperature (Tc), transition temperature (Tg), thermal stability (∆T) and melting temperature (Tm) of
the glass system is essential to understand the structural transformations with different temperatures.
From DTA traces the upward peaks indicate that Tc and Tg are due to exothermic reaction and
the downward peak indicates Tm is characterized by endothermic reactions. The different thermal
parameters are labeled in Table 3, and DTA traces are displayed in Figure 2a. The glass transition (Tg)
values (343.31–348.52 ◦C) increased with the increase in ZnO up to 8 mol% and then declines in higher
concentration of ZnO. While in the case of crystallization temperature (Tc) (458.73–469.12 ◦C) and
melting temperature (Tm) (716.18–699.75 ◦C), a general decrease in trend was found with the increase
of ZnO. Tg increased with an increase of ZnO from 2 mol% to 8 mol% was due to enhancement in the
average cross link density through non bridging oxygen ions (NBO) and the number of bonds per unit
volume. In addition, the increase in Tg can also be imputable to the expanding cumulative sequel of
ZnO on glass network and deliberate movement of huge Zn2+ ions, leading to more rigidity of the
glass network [29,30]. Further increasing the ZnO concentration led to the slight decrease in Tg from
348.52 ◦C to 344.3 ◦C, which is owing to the intrusion of P–O–P bonds on account of Zn2+ ions [29]. It
is attributed to the high amount of depolymerization in the glass matrix [33]. The thermal stability (∆T)
is the measure of the glass network and rigidity, whereas Hruby criterion (H) gives the glass-forming
tendency of the chosen materials. In the present ZnO doped glasses, the values of stability (∆T)
increased from 111.26 ◦C to 121.19 ◦C and Hruby criterion (H) increased from 0.4483 to 0.5154, clearly
indicating the high strength and good glass-forming trend of all glasses. The greater the value of (∆T)
and smaller the difference of Tm−Tc will decelerate the crystallization against devitrification of the
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glass network, which leads the glass formation [30]. In the present system, Z8 is conformed as the best
glass because of its high thermal stability (∆T) and Hruby criterion (H) values.

Table 3. Thermal properties of ZnO doped phosphate bioactive glasses.

Sample code Tg (◦C) Tc (◦C) Tm (◦C) ∆T (◦C) KH

Z2
343.31

(±0.343)
458.73 716.18

115.42
(±1.154)

0.4483

Z4
345.27

(±0.346)
456.53 714.11

111.26
(±1.112)

0.4319

Z6
346.89

(±0.347)
459.12 709.86

112.23
(±1.122)

0.4475

Z8
348.52

(±0.349)
469.12 704.43

121.19
(±1.211)

0.5154

Z10
344.63

(±0.344)
458.98 699.75

114.35
(±1.143)

0.4749

 

Δ

Δ −

Δ

Figure 2. Cont.
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Δ

Figure 2. (a) TG-DTA traces of Z2, Z4, Z6, Z8 and Z10 bioglasses and (b) variation of thermal stability
and glass transition (Tg) as a function of ZnO (mol%).

A significantly slight weight loss was observed at two regions of the TG curves shown in the
Figure 2b along with DTA traces. The first weight loss of ~1.59% of Z2 sample appeared from the room
temperature to ~128 ◦C and the second weight loss was around ~2.64%, from the temperature between
~128 ◦C to ~626 ◦C. In the Z4 sample the first weight loss of ~1.93% found from room temperature to
166 ◦C and the second weight loss was ~3.25% from the 166 ◦C to 449 ◦C. The TG curve of Z6 sample
was observed from ambient temperature to 325 ◦C with a first weight loss of ~2.42% and a second
weight loss of 3.18% from 325 ◦C to 623 ◦C. Similarly, for Z8 and Z10 the first weight loss of ~1.35%
(from room temperature to 120 ◦C) and ~5.21% (room temperature to 159 ◦C), respectively. The second
weight loss of ~2.51% from 120 ◦C to 610 ◦C and ~9.59% from 159 ◦C to 340 ◦C of samples Z8 and Z10,
respectively. The first stage of weight loss at around 76 ◦C to 250 ◦C was due to the loss of hydrated
and coordinated water molecules, which came into the ambient environment and the second stage of
weight loss at around 300 ◦C to 600 ◦C is attributed to residual precursor phosphorus from the glass
composition. After this, there was no considerable weight loss noticed with a rise in temperature up
to 1000 ◦C. The low loss of weight indicates the high rigidity of the glass network of as-developed
samples [32].

3.3. Vickers Hardness and Fracture Toughness

The mechanical properties, in particular fracture toughness and hardness, are very essential for
any material to know the structural compactness. Calcium phosphate glasses gain reasonably better
improvement in mechanical properties with the addition of ZnO. The discrepancy of fracture toughness
and Vickers microhardness as a function of the ZnO content of the prepared bioglasses system are
shown in Figure 3a,b, and the associated values are tabulated in Table 2. It is observed that fracture
toughness and Vickers microhardness values progressively increase from 2.615 (±0.0742) GPa to 3.190
(±0.0921) GPa and from 0.17609 (MPa m1/2) to 0.25099 (MPa m1/2), respectively, with the increase in
ZnO content in the glass matrix. Figure 3c shows the optical microscopic Vickers indent impressions
for Z2, Z4 and Z8 glasses. The prepared bio-glass samples fracture toughness was being measured with
the help of crack length and Hv values from Vickers indent impressions of the samples using the optical
microscope. A gradual rise in the obtained toughness and microhardness values of the bioglasses,
with increasing ZnO content was on account of the expansion of the glass network in accordance with
the increase in inter-atomic spacing or bond length between the atoms. Zn2+ ions enter interstitially in
the glass network to form more P–O–Zn linkages by decaying the P–O–P bonds. Consecutively, it
brings down the number of non-bridging oxygens (NBO’s) and enhances the rigidity, compactness
and cross-linking density of the glass network [34]. In the present as-prepared glasses, Z8 has highest
Hv and KIC values. It was found that there was an increase in hardness and the toughness from Z2
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(2 mol%) to Z8 (8 mol%), and then decreases slightly for Z10 (10 mol%), which was apparently due
to the decrease in packing density [35,36]. It means there was breaking of some P–O–Zn bonds per
volume in the glass network during the application of load, which led to a decrease in the resistance
of deformation.

 

 

Figure 3. (a) Microhardness and (b) fracture toughness of the Z2, Z4, Z6, Z8 and Z10 glasses as
a function of the ZnO (mol%) and (c) Optical images of Vickers Indentation from Z2, Z4 and Z8
glass samples.

3.4. XRD Analysis

The XRD results of all prepared bioglass specimens (Z2, Z4, Z6, Z8 and Z10) are shown in Figure 4.
The samples show a broad hump at around 25◦ indicating the lack of a long-range order in the structure
and also confirm the amorphous nature of all bioglasses [37].

 

−

− −

Figure 4. X-ray diffraction patterns of Z2, Z4, Z6, Z8 and Z10 glasses.
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3.5. SEM-EDS Micrographs Analysis

Figure 5 shows the EDS spectra and SEM micrographs of zinc incorporated bio glasses surfaces,
respectively. The EDS spectrum demonstrates the presence of Ca, P, Na, O and Zn elements in the
glass samples and the appearance of smooth, compact and plane surface morphology from the SEM
micrographs confirmed no morphological changes in the prepared glasses.

 

 

−

− −

Figure 5. SEM micrographs and EDS spectra of ZnO doped phosphate bioglass samples.

3.6. FTIR Spectroscopic Analysis

Figure 6 shows the FTIR spectroscopic pattern of the bioglass samples Z2, Z4, Z6, Z8 and Z10
presents some intense absorption bands at 526, 720, 900, 1105 and 1270 cm−1 and weak absorption at
1643, 2382 cm−1 and broad band of absorption peak around 3470 cm−1. These bands are the evidence
of the existence of phosphate groups in the glass network.

A detailed investigation on the structural changes in glasses (shown here for Z2 glass only) has
been identified by using the deconvoluted FTIR spectra (Figure 7). From the FTIR spectra, the bioglass
samples consist of an absorption band at around 485 cm−1 that are ascribed to the presence of Zn–O
vibrations of ZnO4 structural units [38]. The absorption band at around 526 cm−1 perhaps designed
by the consonance of P–O–P bending vibration and also due to the distortion mode of PO− groups
(deformation mode of P–O− and (PO4

3−) groups) [28,29,33,39]. The peaks positioned at 720 cm−1 and
770 cm−1 are due to both asymmetric and symmetric stretching of P–O–P groups [40]. The appearance
of bands at 886 cm−1 and 900 cm−1 are attributed to asymmetric stretching and symmetric stretching
modes of P–O–P groups, respectively [26,39,41]. A peak at 996 cm−1 is noticed due to asymmetric
stretching vibration of PO3 groups [41] and the band at 1105 cm−1 is observed due to vibrations of a
phosphate group (P–O−) or might be P–O–Zn linkages [7,17,42,43]. A little intense band at around
~1270 cm−1 was assigned due to the (O–P–O) bonds, which is the asymmetric stretching vibration of
O–P–O bonds [41]. Nearly at around 1643 cm−1 a weak intense band is accredited because of the P–O–H
bond. Such groups contribute to most strong hydrogen bonding with non-bridging oxygen [44]. At the
range of 2382 cm−1 a weak band is observed due to the different structural sites as a stretching vibration
of the P–O–H group or the stretching of CO2 [27]. Strong absorption bands at around 3472 cm−1 and
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a weak band at 3524 cm−1 are observed due to the existence of water molecules (corresponding to
OH groups) in the glass matrix (Figure 7). The presence of water is probably due to the retention of
atmospheric moisture by the phosphate glass sample or pellet, and resulting in the appearance of the
H–O–H bond, belongs to water molecules; the present sample does not carry water as a unit in the
glass network [45].

 

−

−

−

− − −

−

− −

−

−

−

−

−

−

− −

− − − − −

− −

−

−

Figure 6. FTIR spectra of ZnO doped phosphate (Z2, Z4, Z6, Z8 and Z10) bioglasses.

 

−

−

−

Figure 7. Deconvoluted FTIR spectra of the glass (Z2) and curve fit.

3.7. Raman Spectra

Raman spectroscopy is used to get the information of various functional groups of both inorganic
and organic phases on the molecular level [37] which act as a powerful analytical technique for
biomedical applications and is used to study the structure of many bioglass samples [46,47]. Figure 8
illustrates the Raman spectra of ZnO incorporated phosphate glasses. Deconvoluted Raman spectra
(Figure 9) is also plotted for the identification of specific component bands for the developed glasses,
but unfortunately no significant additional bands are observed after deconvoluted Raman spectra.
From the obtained spectra, the ZnO doped phosphate bioglasses are exhibited four prominent bands at
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318 cm−1, 386 cm−1, 666 cm−1, 1168 cm−1, and 1294 cm−1. On the low frequency side a strong band at
318 cm−1 can be ascribed to the symmetric stretching vibrations in the (PO4)3− tetrahedral chains [48]
and a feeble band at 386 cm−1 is attributed to the bending motion of phosphate polyhedral [41].
The broad band at 666 cm−1 is attributed to symmetric stretching vibration of the spanning oxygen
attaching two PO4 tetrahedron (P–O–P) in phosphate chains [49]. The sharp band at 1168 cm−1 is
ascribed to the symmetric stretching mode of O–P–O non-bridging oxygens, signifying the evolution
of phosphate tetrahedral. From the bands at 1294 cm−1 can be referred to the symmetric stretch of
the P=O terminal oxygens [48,50,51]. It is clearly observed that, with increasing concentration of
ZnO mol% in the calcium phosphate glasses, there was a gradual decrement in the band intensities
positioned at 1294, 1169, 666, 386 and 318 cm−1, which was mainly due to the disruption of the vitreous
phosphate network (P–O–P linkages) by ZnO and leading to the structure depolymerization and the
formation of non-bridging oxygens (NBO) [25,26,33,43].

 

−

−

−

Figure 8. Raman spectra of Z2, Z4, Z6, Z8 and Z10 glasses at room temperature.

 

 

Figure 9. Deconvoluted Raman spectra of the glass (Z2) Sample.

Moreover, it is perceived that there was no significant variation in peak positions, indicating the
geometric invariability of Q2 units for zinc ion accumulation up to 10 mol% of ZnO [51]. Interestingly,
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we observed that there is a good correlation between the Raman band intensities and the band
intensities of FTIR spectra with the content of ZnO.

These small structural changes observed from FTIR and Raman spectra concluded the modifier
role of ZnO by depolymerizing the phosphate chains with the addition of small quantities of ZnO in
the phosphate glass network.

4. Conclusions

The present study researched enhanced structural and mechanical strength of ZnO incorporated
P2O5 based bioglasses for biomedical applications. The physical parameters such as oxygen molar
volume and the density were increases, whereas oxygen packing density and the molar volume tended
to decline with the rise of ZnO concentration. The glass transition temperature (Tg) increased with
the ZnO content up to 8 mol% and then decreased for 10 mol% of ZnO. The increase in Tg could be
ascribed to enhance the aggregation effect of ZnO on the glass network and a deliberate moment of
large Zn2+ ions, which result in rather high rigidity of the glass network. Vickers microhardness and
toughness values of the as-prepared bioglasses increases, with increasing ZnO content is for expansion
of the glass network in accordance with the rise in inter-atomic spacing or bond length between the
atoms. Zn2+ ions entered interstitially in the glass network to form more P–O–Zn linkages by shattering
the P–O–P bonds, consecutively, and reduced the number of non-bridging oxygens and intensifies
the rigidity, compactness and cross-linking density of the glass network. In the present as-prepared
glasses Z8 had the highest Hv and KIC values. The amorphous nature and facade morphology of
the glasses were confirmed by XRD and SEM analysis, respectively. The Raman spectra and FTIR
indicates the progressive depolymerisation of glass network by the evolution of the phosphate network
with an increasing zinc concentration. According to the above-mentioned final conclusions, it is
noteworthy that, out of all glasses, Z8 (8 mol%) exhibited enhanced properties that might be used in
the advancement of resorbable materials in the bone.
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