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Abstract

Bioactive glasses are a class of biomaterials which have the potential of becoming suitable

candidates for osteogenesis. The glasses made with phosphate as the former have excep-

tional properties. The functional characteristics are due to the lower values of viscosity and

dispersion and higher values of refractive indices. These glasses show high transparency in

the range of UV spectrum. Inclusion of oxides first group and second group elements i.e.,

alkali and alkaline earth metal oxides respectively into the glass network modify the prop-

erties and increase the chemical resistance of phosphate glasses. Different compositions of

strontium doped phosphate glasses were prepared using melt quench technique. X – Ray

Diffraction (XRD) studies were performed in order to confirm the amorphous nature . The

effect of adding modifier into the glass matrix was evaluated using FTIR characterization.

The elastic parameters like moduli and Poisson’s ratio were calculated using Makishima and

Mackenzie model. It was validated that modifiers have a significant impact on glass struc-

ture and bioactivity. These glasses are found to be capable in reducing burden on metallic

biomaterials for osteogenesis and hence contribute for sustainable environment.
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1 Introduction

Solids lacking order for long range in arrangement are called as non – crystalline solids.

These solids are sometimes termed as glass and some other times are called as amorphous

solids when non – conventional methods like vapor deposition, sol gel etc are employed for

the synthesis. Unlike crystals, amorphous materials lack the long range translational order

(periodicity). The terms ‘amorphous’ and ‘non-crystalline solids’ are used in the same meaning

in this context (1; 2; 3; 4).
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Glasses are a class of amorphous materials which can be synthesized with materials that form

different chemical bonds such as ionic bond, covalent bond, metallic bond, hydrogen bond, Van

der Waals bond or a combination of these bonds. By altering the chemical composition, a wide

range of glasses with many components can be created with the appropriate composition. The

combination of a dopant salt, a network former, and a network modifier in various ratios results

in the diverse chemical components of a glass. Also, such systems are observed to form glasses

more readily. When cations are added to the glass network, the Bridging Oxygens (BOs) get

converted to Non Bridging Oxygens (NBOs). The network then undergoes depolymerization as

a result of this. The changes to the characteristics can be attributed to this change.

Bone grafts, implant coatings etc are made because of which bioactive glasses gain immense

importance (5; 6; 7; 8; 9). The first bioactive glass 45S5 Bioglass® was developed by

Hench (10). It had the composition 46.1 SiO2–2.6 P2O5–24.4 Na2O–26.9 CaO (mol%) (11). In

recent times, phosphate glasses have gained importance owing to lot of scientific implications

such as sensors, solid state batteries (12; 13). Their viscosity and dispersion are less whereas

they have high refractive indices. In the UV range, they show high transparency making the

functional properties interesting (14; 15). The chemical strength of the phosphate glasses can

be enhanced and the properties can be altered by the addition of alkali and alkaline earth metal

oxides into the glass network (16).

The building blocks of these glasses are PO4 – tetrahedral which originate from the formation

of sp3 hybrid orbitals (17). In the glass system under consideration, CaO, Na2O and SrO are

modifiers and P2O5 is a glass former.

Strontium is of paramount significance in biomedical science (18), predominantly because of

its impact on bone growth. Even though occurs naturally in human body, the quantity is meagre.

Around 99% of Strontium in body is found in bone enabling it to behave as “bone seeker”

like calcium (19). Along with calcium and sodium, Strontium contributes for the formation of

bone (20).

There is a necessity to know the structural, transport, and optical features to decide the pos-

sible application of glasses. Infrared spectroscopy is te significant analytical tool for examining

the structure of glasses. It is one of the useful methods for figuring out how glasses vibrate.

Makishima and Mackenzie model is found to be good theoretical model to predict the elastic

paramaters of glasses. The structural and elastic characteristics of strontium-doped phosphate

bioactive glasses are studied in this article.
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2 Experimental

2.1 Glass preparation

Glasses of composition 45P2O5- xCaO- (50-x)Na2O- 5SrO with x = 20, 25, 30, 35mol%

were prepared by conventional melt-quenching technique. Weights of chemicals to be used

were calculated using Batch matrix calculator and weighed accordingly. To homogenize the

mixture, the chemicals were finely ground in an agate mortor. The mixture of chemicals was

placed in a porcelain crucible inside a muffle furnace and heated upto 1050 ◦C. The melts were

quenched using brass plates to obtain the glasses. To eliminate the air bubbles and thermal

stresses developed during the process of quenching, the synthesized glasses were subjected to

annealing at 200◦C for roughly 2 hours. Table 1 consists of composition of glasses.

TABLE 1

Chemical compositions of glasses

Sample code CaO mol% Composition

Sr1 20 45P2O5- 20CaO- 30 Na2O- 5SrO

Sr2 25 45P2O5- 25CaO- 25 Na2O- 5SrO

Sr3 30 45P2O5- 30CaO- 20 Na2O- 5SrO

Sr4 35 45P2O5- 35CaO- 15 Na2O- 5SrO

2.2 XRD Analysis

Rigaku Ultima 4 PXRD instrument was employed to the X – Ray Diffraction for the synthe-

sized glass samples which were crushed to fine powder. The XRD spectrum was obtained for the

diffraction angle 2θ ranging between 10◦ and 80◦.

2.3 Density and Molar Volumes

In order to determine the density of the glasses, their weights were measured in air and

after immersing in toluene (ρtoulene= 0.860 g/cm3). Microbalance (Denver, Pb214) with 4 digit

sensitivity was used for weight measurements. Then, the density ‘ρ’ was determined on the basis

of Archimedes principle using the relation

ρ =
Wa

Wa −Wt
ρt

where Wa is the glass sample’s weight in air
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Wt is the glass sample’s weight in toluene

ρt is the density of toulene (ρt = 0.860 g/cm3 ).

The molar volume (VM) was calculated using the following relation,

VM = M/ρ (2)

where M is the molecular weight.

2.4 Fourier Transform Infrared spectroscopy

Fourier Transform Infra-Red (FTIR) spectroscopy is an important practical tool for under-

standing the bonding mechanisms and the unique vibrational chemical bond frequencies that

cause spectral and structural changes. The absorption spectra of the glasses in the IR region

were recorded in the range of 2000 – 400 cm−1 using an FTIR reflectance spectrometer (TEN-

SOR 27, Bruker, Germany) at room temperature.

2.5 Calculation of Elastic Moduli

Elastic characteristics of materials are important as they reveal information about the forces

interacting between the atoms. This is crucial for analysing and comprehending the nature

of solid-state bonding. Also, knowledge of mechanical qualities of materials is necessary for

understanding the strength, ductility and applications. Therefore, as a function of composition,

elastic characteristics are appropriate for defining the glass structure. The elastic moduli of oxide

glasses can be determined theoretically by making use of experimentally determined density

values with the help of the Makishima and Mackenzie model (21; 22). According to this model,

the semi empirical formulae are derived to calculate elastic parameters and Poisson’s ratio.

The formulae are as follows:

Packing density Vt =
ρ
M

∑
i Vixi (3)

Dissociation energy per unit volume Gt =
∑

iGixi (4)

where xi is the molar fraction

Vi is the packing factor

Gi is the dissociation energy per unit volume of the component oxide i,

ρ is the density of the glass

M Is the molecular weight of the glass, respectively

The packing factor and dissociation energy per unit volume of a component oxide i in the

form AnOm can be estimated from its dissociation energy per mole (Ui), density (ri) and molec-
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ular weight (Mi), according to the following equations:

Vi =
4

3
πNA(nR

3
A +mR3

O)

Gi =
ρi
Mi

Ui

where RA is Pauling’s ionic radius of metal

RO is Pauling’s ionic radius of oxygen

NA is Avogadro’s number.

Using the calculated values of Vt and Gt, moduli of elasticity are determined using the sub-

sequent relations:

Young’s modulus E = 8.36VtGt (7)

Bulk modulus K = 10.0 V 2
t Gt (8)

Shear modulus G = 3K
(10.2Vt−1) (9)

Longitudinal modulus L = K + 4G
3 (10)

Poisson’s ratio σ = 0.5− ( 1
7.2Vt

) (11)

If Gt is expressed in terms of kcal/cm3, then the elastic moduli obtained using equations (7)

to (11) will be in GPa (23).

2.6 Bioactivity studies (in vitro)

Preliminary investigation of bioactivity of these glasses was done by immersing one sample

Sr3 in Simulated Body Fluid (SBF) for 3, 7, 14 and 21 days and kept inside the incubator at

about 37◦C. SBF is a solution whose pH is almost equal to pH of human body i.e., 7.4. The

glass samples were removed after the prescribed duration, dried and was subjected to XRD

analysis.

3 Results and Discussions

3.1 Density and Molar Volumes

The change in density and molar volumes with increase in CaO mol% is represented in

Fig 1. It can be seen from figure 1 that the density increases while molar volume decreases

with CaO mol%. The results on the density of calcium phosphate glasses show the similar

trend of increase in density (24). The error is found to be around 0.18% based on the relative

instrumental error. Non-bridging oxygens (NBOs) are formed in the glass matrix as a result of

133



TABLE 2

Density and molecular weight of glasses

Physical Property
Glass Sample Code

Sr1 Sr2 Sr3 Sr4

Density ρ (g/ cm3) 2.6190 2.6725 2.7260 2.7795

Molar Volume VM (cm3) 37.28877 36.31974 35.38874 34.49358

both the modifiers CaO and Na2O. The concentration of Strontium Oxide is kept constant. With

gradual increase of CaO, the NBOs formed will consist of isolated PO4 tetrahedron bonds linked

together by ionic CaO bonds as the concentration of SrO is kept constant. The density of SrO

(4.7g/cm3) is more than that CaO(3.34 g/cm3) which is also the reason for the higher density of

the glasses. Consequently, the increase of the calcium content leads to increase in the quantity

of the non-bridging oxygens. This causes a decrease in the free space in the glass network

structure resulting in the increase of density from 2.6190 gcm−3 to 2.7795 gcm−3 and decrease

in the molar volume from 37.2887 cm3 to 34.4935 cm3. Hence, changes in the structure of the

phosphate units in the glass samples are credited to the NBOs (25).

3.2 X — Ray Diffraction

3.3 FTIR spectra

Figure 3 represents the FTIR spectra of glass samples and the assignment of bands with their

characteristic frequencies is given in table 3.

Kordes et al. (26; 27) explained the formation of non-bridging oxygen, NBOs, in phosphate

glasses. The formation of different phosphate structural groups during the processes of reorga-

nization with the addition of modifier oxide was also explained. It was assumed that the doubly

bonded oxygen would persist and that the number of NBOs produced would be directly propor-

tional to the amount of alkali supplied. The three-dimensional network gets converted to linear

phosphate chains when Na2O or CaO to P2O5 are added to glasses (28; 29). It is an established

fact that, with increase in modifier concentration in the phosphate matrix (30).

The broad band at ~1265 cm−1 is designated to the asymmetric stretching due to vibration

of doubly bonded Oxygen atom (31). The absorption band at ~1105 cm−1 is assigned to the

movement of the NBOs (PO3) and that at ~898 cm−1 is because of the asymmetric stretching

of P-O-P groups (32). The rise in intensity of the band 715 - 726 cm−1 at the expense of bands

~ 752 cm−1 and 775 cm−1 seems to indicate the conversion of structural units which is hap-

pening with increasing Na2O content (33). The bands between 400 and 600 cm−1correspond

134



FIGURE 1

Variation of density and molar volume

to the bending vibrations of bridging phosphorous. The inclusion of an alkaline earth oxide

depolymerizes the glass network (34). The depolymerization of the network into theoretically

infinite chains is caused due to addition of divalent cation. This observation is consistent with

the decrease in molar volume.

3.4 Results on elastic moduli

The variation of elastic moduli and Poisson’s ratio with increase in CaO mol% are given in

figure 4 and 5 respectively. It can be observed that elastic moduli and Poisson’s ratio increase

linearly with increase in mol% of CaO. The value of σ is between 0.25896 and 0.27407. The

increment of σ value by 0.022 (approximately) is attributed to the modification of network

caused by increase in CaO content which acts as modifier. This results in rise of phosphate

linkage which in turn decreases the lateral strain.
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FIGURE 2

XRD spectra of glass samples

FIGURE 3

FTIR spectra of samples
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TABLE 3

IR band assignments in the range of 400 – 1600 cm-1for glass samples

Range frequency

(cm−1)

Band assignment

458 - 680 Bending vibrations of O-P-O and/or P=O bridges, δ(O-P-O) and/or

δ(P=O)

715 - 830 P – O – P bridges’ symmetric stretch, υs (P-O-P)

880 - 1022 P-O-P bridges’ asymmetric stretch in metaphosphate configurations ,

υas (PO2
−)

~1100 P-O-P bridges’ asymmetric stretch in pyrophosphate configurations,

υas (PO3
−)

~1200 P=O bonds’ symmetric stretch , υs (P=O)

1260 – 1340 P=O bonds’ asymmetric stretch, υas (P=O)

Increase in density will cause the increase of ultrasonic velocities in the glass samples thereby

leading to increase in elastic moduli which is evident in the results. This trend is in good

agreement with the density and molecular weights of glass samples (35).

3.5 Results on bioactivity studies

The XRD spectra of Sr3 glass sample post bioactivity test is given in figure 6.

Hydroxyapatite (HA) is a naturally occurring phosphate mineral that is found in bones. The

bioactivity of glass samples is verified with the formation of HA on the glasses when immersed

in SBF. The sharp peak at around 32 in the XRD spectra for 14 and 21 days corresponds to HA

[36-37] (36). The intensity of the peak corresponding to the crystalline phases of all the samples

is observed to increase with time indicating that the formation of HA on the surface of the glass

happens when they are immersed in SBF for longer duration.

4 Conclusions

The physical and structural properties of strontium doped phosphate bioactive glasses have

been examined. The properties were examined by altering the contents of Na2O and CaO pre-

pared by conventional melt quench technique. This structural modification of the glass network

led to an increase in the density and decrease in the molar volume. The FTIR spectra confirm

the characteristic vibrational modes of phosphate groups. The elastic moduli and Poisson’s ratio
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FIGURE 4

Variation of elastic moduli with CaO mol%

values are consistent with the density values. It is obvious from the elastic parameters that the

glass material synthesized has good rigidity. Substitution of CaO with Na2O has produced a

significant increase in the structural and elastic properties of these glasses.This glass system is

subjected to in vitro bioactivity studies by immersion in SBF. The preliminary investigation has

yielded positive results. The presence of strontium in the matrix is expected to enhance the

bioactivity of these glasses and hence support for growth of osteogenic tissues.
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FIGURE 5

Variation of Poisson’s ratio with CaO mol%
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FIGURE 6

XRD of Sr3 post immersion in SBF
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