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Abstract 

Currently, phosphate based glasses have been potential future biomaterial for 
medical application due to excellent cytocompatibility and fully bioresorbabil-
ity. In this study, phosphate based glass system with composition of 
48P2O5-12B2O3-(25-X)MgO-14CaO-1Na2O-(X)Fe2O3 (X = 6, 8, 10) and  
45P2O5-(Y)B2O3-(32-Y)MgO-14CaO-1Na2O-8Fe2O3 (Y = 12, 15, 20), was pre-
pared via a melting quenching process. The effect of replacing MgO with 
Fe2O3 and B2O3 on the structural, thermal, degradation properties of phos-
phate based glass was investigated. Fourier Transform Infrared (FTIR) spec-
troscopy and Raman spectroscopy analysis confirmed the polymerisation of 
phosphate based glass network with addition of Fe2O3, thus the processing 
window was observed to increase whilst the dissolution rate was reduced, at-
tributed to the formation of Fe-O-P cross-link. As the effect on the glass 
structure stability was demonstrated by both B2O3 and MgO, the nonlinear 
variation of thermal stability and degradation behaviour was observed for 
glass system with substitution of MgO by B2O3. However, due to the lower 
dissolution rate of glass system when compared to the biocompatible phos-
phate based glass in preliminary study, the expected cytocompatibility could 
be confirmed in the downstream activities. 
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1. Introduction 

A number of bioresorbable and bioactive materials with the required biocompa-
tibility and sufficient mechanical properties have been the subject of much in-
terest in recent studies [1] [2] [3] [4] [5]. The first bioactive glasses (Bioglass 
45S5) developed by Hench et al. [6] [7] in 1970s, were presenting a specific bio-
logical response resulting in the formation of a bond between the bioactive glass 
surface and bone tissue, thus becoming the benchmark for novel silicate based 
bioactive glasses with application in dentistry and orthopaedics [8] [9]. Howev-
er, partial degradation behaviour of Bioglass limits its application and has sti-
mulated research for new bioactive and bioresorbable glasses as potential alter-
native [10].  

In the last two decades, phosphate based glasses have been considered as po-
tential materials for the repair and reconstruction of bone [11] [12] [13]. As 
their hydrolytic degradation rate can be varied from hours to months by chang-
ing the glass composition which can closely match that of the inorganic phase of 
bone [14] [15] [16], many phosphate glass formulations synthesised are bio-
compatible and subtle alterations to their composition permit a wide variation of 
mechanical and thermal properties [17] [18] [19]. Ahmed et al. [20] investigated 
phosphate based glass in the system 40P2O5-25CaO-20MgO-15Na2O which 
showed good cellular response and Hasan et al. [21] studied the system 
45P2O5-16CaO-24MgO-11Na2O-4Fe2O3, which also showed good cytocompati-
bility and proved successful for fibre drawing.  

In current publication, it was reported that addition of B2O3 into phosphate 
based glass could improve chemical durability and mechanical stability of phos-
phate based glass [22] [23] [24] [25]. Sharmin et al. [26] developed several bo-
rophosphate based glass compositions and reported that the glass transition 
temperature was increased whilst the degradation rate was reduced significantly 
with addition of B2O3 into the glass network. It was confirmed, and also reported 
by Lim et al., [27] that the formation of covalent B-O-P bonding produced a 
stronger, better chemically resistant glass network with higher packing density 
and lower crystallisation tendency.  

Additionally, preliminary studies also show that the addition of MgO into 
phosphate based glass could connect chain structure of phosphate based glass 
and transfer open metaphosphate glass structure to more compact structure, 
thus improving the glass structure stability [20]. Moreover, Fe2O3 dropped into 
the glass network could show a much more durable degradation behaviour and 
favourable cytocompatibility [28]. However, till to date, the effect on thermal 
properties, degradation behaviour and glass structure of phosphate based glass 
by substitution of MgO with B2O3 and replacing MgO with Fe2O3 has not been 
investigated significantly.  

Based on the established phosphate glass system P2O5-B2O3-CaO-MgO-Na2O-Fe2O3 
[21] [26] [29], a range of novel complex PBGs in the system of  
48P2O5-12B2O3-(25-X)MgO-14CaO-1Na2O-(X)Fe2O3 and  
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45P2O5-(Y)B2O3-(32-Y)MgO-14CaO-1Na2O-8Fe2O3 was considered in this 
study, and an investigation into their structural, thermal and degradation prop-
erties has been conducted. The effects on the glass density were also evaluated. 
Degradation studies of the glasses were conducted in phosphate buffer saline 
(PBS) solution.  

2. Materials and Methods 
2.1. Glass Preparation 

The glasses in this study were manufacture in Sinoma Co., Ltd. (China) using 
phosphorous pentoxide (P2O5), boric acid (H3BO3), calcium hydrogen phosphate 
dehydrate (CaHPO4∙2H2O), magnesium hydrogen phosphate trihydrate  
(MgHPO4∙3H2O), sodium dihydrogen phosphate dehydrate (NaH2PO4∙2H2O), 
potassium dihydrogen phosphate (KH2PO4), and iron (III)-phosphate Tetrahy-
drate (FePO4∙4H2O) (Sinopharm Group, China). The precursors were weighted 
out and placed into a large Pt crucible which was built in the customised furnace 
composed of Al2O3. When all the mixed precursors had been added, they were 
heated using a silicon carbide rod by direct resistance heating. After 24 hours 
heating at 1200˚C, the melted glass was poured into a stainless steel bucket water 
for cooling and collecting. The cooled glasses were then removed from the buck-
et and dried in oven for 12 hours. 5 kg glass batches were manufactured for each 
composition.  

The bulk glasses were then re-melted and cast as 9 mm diameter rods by 
pouring into a graphite mould at 450˚C. After 2 hours at this temperature, the 
glass rods in the mould were cooled to room temperature at a cooling rate of 
0.3˚C/min. Then, the rods were re-placed into the furnace for annealing process 
via heating at the temperature of Ta (Tg + 10˚C) for 90 minutes isothermally. After 
that, the rods were allowed to cool to room temperature at 0.3˚C/min cooling rate.  

2.2. Powder X-Ray Diffraction Analysis (XRD) 

In order to confirm the amorphous state of all the glass compositions, powder 
X-ray diffraction spectra were obtained using a Bruker D8 advance X-ray dif-
fractometer. The measurements were taken at room temperature and ambient 
atmosphere with Ni-filtered CuK α radiation (λ = 0.15418 nm), operated at 40 
kV and 35 mA. The scans were performed with an angular range 2θ from 10˚ to 
100˚, a step size of 0.01˚ and a step time of 0.1 s.  

2.3. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was performed on around 1 - 2 mg 
samples of glass powder, using a Bruker Vertex 70 spectrometer (Bruker Optics, 
Germany). Spectra were recorded in the region of 500 to 4000 wavenumbers us-
ing a standard MKII Golden GateTM Single Reflection Attenuated Total Reflec-
tance (ATR) system (Specac Ltd.) and analysed using OPUS software version 
5.5. 

https://doi.org/10.4236/njgc.2017.74009


C. K. Zhu et al. 
 

 

DOI: 10.4236/njgc.2017.74009 103 New Journal of Glass and Ceramics 
 

2.4. Raman Spectroscopy 

Raman spectra were recorded at room temperature using inVia-Reflex Raman 
spectrometer (Renishaw, 633 nm laser). Bulk glass with good surface quality was 
placed on the sample stage and observed via objective turret in order to focus la-
ser on glass surface. D0.3 filter was used to control transparency (50%) and Ra-
man spectra from 400 cm−1 to 2000 cm−1 were taken into account in this study. 

2.5. Differential Scanning Calorimetry (DSC) 

Bulk glasses of the different compositions were ground to fine powder using a 
pestle and mortar. The glass transition temperature Tg, crystallisation tempera-
ture Tc, melting point Tm and liquidus temperature Tl of the glasses was deter-
mined using a differential scanning calorimetry (DSC, TA Instruments SDT 
Q600, UK). Samples of approximately 30 mg of the glass powders were heated 
from room temperature to 1200˚C at 10˚C∙min−1 in flowing nitrogen gas. A 
blank run was carried out to determine the baseline which was then subtracted 
from the traces obtained. The Tg was extrapolated from the midpoint in the en-
dothermic reaction of the heat flow. The first deviation of the DSC curve from 
the base line above Tg and before the crystallisation peak was taken as the onset 
of crystallisation temperature Tonc. The thermal stability of the glass was indi-
cated in terms of processing window Tpw by measuring the interval between Tg 
and Tonc [30] [31]: 

pw onc gT T T= −                            (1) 

2.6. Density Measurement 

The density of the glasses was determined using Ultrapyc 1200e (Quantachrome, 
USA). The equipment provides an accurate measurement of volume and is cali-
brated by using a standard steel calibration ball (2.18551 cm3), with errors of 
±0.05%. Triplicate, bubble-free bulk glass samples with an average weight of ap-
proximately 7 g were used for the volume measurements.  

2.7. Degradation Study 

Three PBG glass rods of each composition, 9 mm diameter and 10 mm length, 
were put into 30 ml glass vials, immersed in phosphate buffer saline (PBS) and 
then placed into an incubator at 37˚C. The surface area of each disc was calcu-
lated from dimensional measurements taken using a micrometer (Mitutoyo, Ja-
pan) and their mass was measured to 4 decimal places using a digital balance 
(Mettler Toledo, USA). The period of degradation analysis was 60 days and the 
time points were days 1, 2, 3, 4, 7, 9, 12, 16, 20, 23, 26, 30, 33, 37, 40, 44, 47, 50, 
54, 58 and 60. At each time point, the glass rods were taken out of the vials, 
excess moisture was removed by blotting the samples dry with tissue and they 
were then dried in an oven at 50˚C for 60 minutes. Dimension and mass mea-
surements were taken and the pH of the solution was measured by using a mi-
croprocess pH meter (Mettler Toledo, USA) before returning the samples to the 
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vials with fresh PBS solution. The rate of mass loss was calculated using the fol-
lowing equation:  

( ) 0

0

Mass loss % tM M
M
−

=                       (2) 

where Mo is the initial mass (g) and Mt is the mass at time t. The values of mass 
loss per unit area, determined via Equation (4), were plotted against time. The 
slope of the graph was determined by fitting a straight line through the data and 
passing through the origin point gave the dissolution rate in terms of kg∙m−2∙s−1 

( )2 1 0Mass loss per unit area kg m s t

o

M M
A

− − −
⋅ =⋅             (3) 

where Ao is surface area of glass disc at time t. 

2.8. Statistical Analysis 

The average values and standard deviation of all data involved in this study were 
calculated and analysed using the Prism software (version 6.0, GraphpPad Soft-
ware, San Diego, CA, USA). A one-way analysis of variance (ANOVA) was cal-
culated with the Tukey multiple post-test to compare the significance of change 
in one factor with time. The error bars on all the data represent standard error of 
mean. 

3. Results 
3.1. Glass Composition and Properties 

In this study, six glass formulations of phosphate based glasses were considered 
as two groups, MgP-Fe(X) for glass system  
48P2O5-12B2O3-(25-X)MgO-14CaO-1Na2O-(X)Fe2O3 and MgP-B(Y) for glass 
system 45P2O5-(Y)B2O3-(24-Y)MgO-14CaO-1Na2O-8Fe2O3. The density analysis 
of bulk glass presented the value of density increased from 2.86 to 3.01 × 103 
kg∙m−3 with increase of Fe2O3 content for MgP-Fe glass system, whilst the de-
crease in the density was observed for MgP-B glass system when B2O3 content 
increased from 15 mol% to 20 mol%.  

The thermal analysis of phosphate based glasses were summarised in Table 1,  
 
Table 1. The composition, density, glass transition temperature (Tg) and processing 
window (Tpw) of the glasses in this study. 

Glass code 
Composition Density 

(×103 kg∙m−3) 
Tg 

(˚C) 
Tpw 
(˚C) P2O5 CaO Na2O MgO B2O3 Fe2O3 

MgP-Fe6 48 14 1 19 12 6 2.86 ± 0.01 512 ± 3 270 ± 3 

MgP-Fe8 48 14 1 17 12 8 2.93 ± 0.02 520 ± 2 213 ± 4 

MgP-Fe10 48 14 1 15 12 10 3.01 ± 0.01 527 ± 4 193 ± 2 

MgP-B12 45 14 1 20 12 8 2.91 ± 0.03 534 ± 2 184 ± 5 

MgP-B15 45 14 1 17 15 8 2.99 ± 0.02 524 ± 3 224 ± 3 

MgP-B20 45 14 1 12 20 8 2.87 ± 0.01 543 ± 3 209 ± 2 
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an increase in Tg was observed with increasing Fe2O3 from 6 to 10 mol% for glass 
MgP-Fe system. However, a decline was revealed for MgP-B system when B2O3 
content increased from 12 mol% to 15 mol%, whilst the increase was observed 
for MgP-B20 when B2O3 increased to 20 mol%. The value of processing window 
Tpw (Tonc − Tg) for MgP-Fe glasses system were seen to decrease from 207˚C to 
193˚C with increase of Fe2O3 from 6 to 10 mol%, whilst the Tpw of MgP-B was 
increased from 184˚C for MgP-B12 to 224˚C for MgP-B15, then declined to 
209˚C for MgP-B20. 

3.2. Powder X-Ray Diffraction Analysis 

XRD analysis was conducted to investigate the amorphous nature of the formu-
lations produced. According to the XRD trace shown in Figure 1, there was a 
single broad peak for values of 2θ between 20˚ and 40˚ for each composition, 
with no sharp crystalline peaks. This indicated that all the glasses produced were 
amorphous. 

3.3. Glass Structure Analysis 

Fourier transform infrared (FTIR) spectroscopy was utilized for characterizing 
structure groups in the glasses. Spectra for the six glasses were shown in Figure 
2. Peaks were positioned at approximately 770, 850, 950, 1070 and 1270 cm−1 for 
glass MgP-B12, MgP-B15 and MgP-B20, whilst glass MgP-Fe6, MgP-Fe8 and 
MgP-Fe10 had four dominant peaks at 770, 850, 940, 1070 and 1280 cm−1. It was 
evident that the peaks in the spectra were broad, due to multiple vibration mod-
es from both phosphate and borate structural units linked to four metallic ele-
ments in the glass system. Peak assignments are summarized in Table 2. 
 
Table 2. Peak assignments for the infrared analysis. 

Wavenumber (cm−1) IR Assignments Ref 

750 - 780 
Symmetric stretching mode of  
P-O-P linkage in the Q2 units 

[43] [44] 

840 - 880 

Stretch vibration of P-O-B linkage in BO4 units [30] [45] 

Symmetric mode of P-O-P in linear  
Q2 units (metaphosphate) 

[43] [46] 

930 - 950 
Stretch vibration of B-O in BO4 units  

(diborate 2
4 7B O −  group) [47] [48] 

1020 - 1070 
Stretch vibration of B-O in BO4 units  
(triborate, tetraborate, pentaborate) 

[30] [49] 

1237 - 1280 
Modes of boron–oxygen triangular BO3 units  

(Pyro and ortho borate groups) 
[50] [51] 

1230 - 1290 

Asymmetric stretching mode of the two  
non-bridging oxygen atoms bonded to  

phosphorus atoms in the Q2 tetrahedral sites 
[52] [53] 

P=O asymmetric stretching vibration [54] [55] 
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Figure 1. Powder X-ray diffraction pattern for the glasses system. 
 

 
Figure 2. FTIR spectra of the glasses system. 
 

The Raman spectrum was performed on these two glass system with varying 
amount of magnesium, iron and boron (see Figure 3). For the glasses with addi-
tion of B2O3:MgP-B12, MgP-B15 and MgP-B20 glasses, three distinct peaks 
where observed and located at 670, 770 and 1120 cm−1, and two broad peaks at 
approximately 950 and 1260 cm−1. It can be seen that no significant peak shift on 
the curve with addition of B2O3 from 12 mol% to 20 mol%. However, for the 
glass system MgP-F with addition of Fe2O3, the position of peak 720 cm−1 shifted 
to a higher wavenumber 770 cm−1 and the peak 1170 cm−1 moved to a lower wa-
venumber 1120 cm−1. Moreover, the broad shape of peak 1120 cm−1 when the 
amount of Fe2O3 reached 10 mol%, was the attributed to overlap of two peaks 
producing a single broad peak. In addition, the peaks at 950 and 1260 cm−1 were  
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Figure 3. Raman spectrum for the glasses in this study. 
 
the shoulder of the peak 1160 cm−1, no distinct variation in intensity with in-
creasing concentration of Fe2O3 to 10 mol%. The summary of the peak assign-
ments for the Raman spectra had been summarized in Table 3. 

3.4. Degradation Analysis 

The mass loss (%) of the glasses as a function of degradation time (day) when 
immersed in PBS at 37˚C was presented in Figure 4(a). With the substitution of 
Fe2O3 for MgO in the MgP-Fe glass system, the mass loss over the full duration 
of 30 days study was seen to decrease from 1.32% to 0.76%. Furthermore, the 
dissolution rate shown in Figure 5(a), indicated the dissolution rate decreased 
from 9.34 × 10−9 kg∙m−2∙s−1 for MgP-Fe6 with 6 mol% Fe2O3 to 5.52 × 10−9 
kg∙m−2∙s−1 for MgP-Fe10 with 10 mol% Fe2O3. On the other hand, addition of 
B2O3 into phosphate based glass system with replacing MgO presented nonlinear 
variation of dissolution rate and mass loss. As can been seen from Figure 4(b), 
the total mass loss observed over the 30-day degradation study was seen to in-
crease from 0.69% to 0.92% when B2O3 increased from 12 mol% to 15 mol%, 
then decreased to 0.85% for MgP-B20 with 20 mol% B2O3. Additionally, with 
addition of B2O3 at the expense of MgO, the dissolution rate increased from 5.05 
× 10−9 kg∙m−2∙s−1 for MgP-B12 to 6.61 × 10−9 kg∙m−2∙s−1 for MgP-B15, then de-
creased to 6.03 × 10−9 kg∙m−2∙s−1 for MgP-B20. 

4. Discussion 

The purpose of this study was to investigate the effect of B2O3 and Fe2O3 replac-
ing MgO on the glass structure, thermal and degradation properties of a new 
range of PBG which was based on the lass system P2O5-B2O3-CaO-MgO-Na2O-Fe2O3. 

It is well known that the thermal, degradation and physical properties are de- 
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(a)                                        (b) 

Figure 4. Plot of mass loss of (a) borophosphate glass with variation of Fe2O3 and (b) bo-
rophosphate glass with variation of B2O3. 
 

    
(a)                                        (b) 

Figure 5. Graph of dissolution rate of (a) borophosphate glass with variation of Fe2O3 and 
(b) borophosphate glass with variation of B2O3. 
 
Table 3. Peak assignments for the Raman spectrum analysis in this study. 

Wavenumber (cm−1) Assignment Ref 

670 Symmetric stretching of link O-P-O in Q2 group [56] 

720 Chain type metaphosphate Q2 group [27] [56] 

770 B-O bonding in BO4 units [57] 

950 B-O bonding in BO4 units [48] [56] 

1160 symmetric stretching of non-bridging oxygen in Q2 units [56] 

1250 - 1300 
asymmetric stretching vibration of  

non-bridging oxygen atoms in Q2 units 
[58] 

 
pendent on structure and composition [32]. As seen from the XRD trace in Fig-
ure 1, all the glass samples investigated in this study were confirmed to be 
amorphous. Even though it was difficult to obtain quantitative measurements of 
the distribution of structural groups from the FTIR spectra due to overlapping 
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peaks and stretching modes associated with the presence of different structural 
groups in glass system MgP-Fe and MgP-B, the significant shift for MgP-Fe glass 
system in the Raman spectrum was observed. The Raman peak at 720 cm−1 
shifted toward to 770 cm−1 due to the substitution of Fe2O3 for MgO which in-
creased the content of Oxygen atom in the glass system, resulted in more Oxy-
gen in the glass bonding to the Boron of BO3 triangular units and forming BO4 
tetrahedral units with extra oxygen [33] [34]. The symmetric stretching of 
non-bridging oxygen in Q2 units was assigned to a band at 1170 cm−1 where the 
shift to a lower wavenumber 1120 cm−1 was suggested to the depolymerisation of 
metaphosphate chain structure of PBG via the addition of Fe2O3 to break the 
bridging oxygen, whilst also crosslink the metaphosphate chain structure via 
forming ionic bonding Fe-O-P [35] [36]. Even though the MgO content was re-
duced with addition of Fe2O3, the network structure would significantly polyme-
rised due to that the Fe3+ (trivalent metal) could crosslink three oxygen more 
than that bonded to Mg2+ (divalent metal) [37].  

According to the DSC results in Table 1, the Tg values increased significantly 
with the replacement of MgO with Fe2O3 for MgP-Fe glass system. An increase 
of 15˚C was observed with the content of Fe2O3 increasing from 6 to 10 mol%. 
This increase was also reported by Parsons et al. [37] and Karabulut et al. [38] 
who suggested that addition of metal into the glass might disrupt the glass 
structure and drop Tg, whereas addition of Fe2O3 could form F-O-P linkage, po-
lymerise the glass network and improve structure stability which also resulted in 
the increase of density with addition of Fe2O3. The processing window Tpw was 
also seen to reduce as well (see Table 1). According to Hruby’s method [31], the 
greater the temperature difference between Crystallisation temperature (Tonc) 
and Tg, the more stable the glass is and the easier it is to avoid partial crystallisa-
tion during its working operation, such as fibre drawing [39]. Thus, the thermal 
stability of the glasses in this study was reduced with substitution of Fe2O3 for 
MgO. Even though Fe2O3 probably polymerise the glass network and improved 
network stability, an decrease in the content of MgO, which also contributed to 
connectivity, could have enhanced the crystallisation tendency the glass [22].  

For MgP-B glass system with substitution of MgO by B2O3, the variation of 
process window was not linear. It was evident that the thermal stability could be 
binary effect by both B2O3 and MgO. Massera et al. [22] confirmed that addition 
of B2O3 into phosphate based glass could replace P-O-P bonds with P-O-B bonds 
and form BPO4 groups, thus increasing cross-linking and improving thermal 
stability and reduce crystallisation tendency. Additionally, MgO in the phos-
phate glass network was observed as network former like B2O3 as cross-link 
P-O-Mg could change the glass structure from metaphosphate which is less sta-
ble to the much more stable structure pyrophosphate [20]. In this case, when 
B2O3 substituted MgO from 12 to 15 mol%, positive effect could be observed on 
glass structure thermal stability due to increase of BO4 units in the glass network 
forming B-O-P linkage. However, when B2O3 content increased to 20 mol% with 
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reduction of MgO, the decrease in process window could be demonstrated by 
the negative impact from the decrease of MgO.  

During the degradation studies, a decrease of 44% was observed in the disso-
lution rate and mass loss with increasing Fe2O3 content from 6 to 10 mol%. Sev-
eral preliminary studies showed that the addition of Fe2O3 into phosphate based 
glass in order to enhance biocompatibility via improve chemical durability [40] 
[41]. It was attributed to the replacement of P-O-P bonds in the glass by Fe-O-P 
bonds and to strong cross-linking of phosphate chains by iron ions. Additional-
ly, Fu et al. [42] suggested that only the form Fe(III) strengthened the network 
structure of the glasses more like a network former. However, the status of Fe in 
Fe(II) or Fe(III) form of Fe form could not be confirmed in this study yet.  

On the other hand, the increase of 31% in degradation rate was observed for 
dissolution rate of glass system MgP-B with increase B2O3 from 12 to 15 mol%, 
then 10% of degradation rate was reduced when B2O3 content varied from 15 to 
20 mol%. This variation behaviour on degradation was attributed to both effect 
from variation of B2O3 and MgO, both of which were key to demonstrate the 
glass structure stability and glass properties. As results from literature, addition 
of B2O3 could increase cross-linking and improving chemical durability due to 
B-O-P linkage forming [29]. On the other hand, MgO in the phosphate glass 
network was observed as network former like B2O3 to cross link glass network 
and improve chemical durability [20]. Thus, substitution of B2O3 for MgO could 
result in both positive and negative effects on the glass structure stability and 
chemical durability. In this case, the glass structure was evidently demonstrated 
by MgO when B2O3 increased from 12 to 15 mol%, resulting in a increase of dis-
solution rate, and then controlled by B2O3 which increased to 20 mol% and re-
sulted an decrease of dissolution rate conversely.  

Dissolution rate is important on cytocompatibility assessment of biomaterials 
due to ion release and pH variation during the biomaterial degradation. Zhu et 
al. [29] and Sharmin et al. [26] have developed several phosphate based glass 
system with good cytocompatibility and dissolution rate. When compared to the 
glass dissolution rate of them, the glass in this study presented lower dissolution 
rate (9.3 * 10−9 kg∙m−2∙s−1 for glass formula  
48P2O5-12B2O3-19MgO-14CaO-1Na2O-6Fe2O3). Potentially, it was expected that 
the glass system in this study was able to present good cytocompatibilty for 
medical application. However, the in vitro cytocompatibility study should be 
taken into account in the future research, to confirm the bioactivity of glass.  

5. Conclusions 

Six phosphate based glass formulations were produced and divided to be two 
glass system 48P2O5-12B2O3-(25-X)MgO-14CaO-1Na2O-(X)Fe2O3 (X = 6, 8, 10) 
and 45P2O5-(Y)B2O3-(32-Y)MgO-14CaO-1Na2O-8Fe2O3 (Y = 12, 15, 20). The 
XRD analysis confirmed that all glasses were amorphous nature.  

With the substitution of Fe2O3 for MgO, the Fe-O-P cross-link demonstrated 
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the glass network and enhanced the glass structure stability and degradation be-
haviour. Thus, the process window Tpw and glass transition temperature Tg were 
increased whilst the dissolution rate was reduced with replacement of MgO by 
Fe2O3.  

For glass system with substation of B2O3 for MgO, the results of thermal anal-
ysis and degradation studies were nonlinear. The B2O3 concentration increased 
from 12 to 15 mol%, and the process window Tpw and dissolution rate were in-
creased, whilst, both were reduced when B2O3 concentration reached 20 mol%. 
This variation behaviour of thermal stability and degradation was demonstrated 
by the positive effect and negative effect from both B2O3 and MgO during the 
variation. 

To compare with glass formulation developed in preliminary study, the dis-
solution rate of glass in this study presented lower dissolution rate, thus the bet-
ter cytocompatibility could be expected. The further study will focus on the cy-
tocompatibility investigation of glass and fibre drawing performance characteri-
zation, to confirm potential commercialisation of glass system. With production 
of multifilament of phosphate glass fibre, the bio-composite reinforced by 
phosphate glass fibre would be future biomaterial in medical area.  

Acknowledgements 

The authors would like to thank Sinoma Co., Ltd. (China) for kindly providing 
glass fibres for this study. Additionally, authors also would like to appreciate the 
financial supported by Ningbo S & T bureau Ningbo International Collaboration 
Project (project code 2017D10012), and Ningbo 3315 Innovation team Scheme 
“Composites Development and Manufacturing for Sustainable Environment”. 

References 
[1] Lee, I.-H., Shin, S.-H., Foroutan, F., Lakhkar, N.J., Gong, M.-S. and Knowles, J.C. 

(2013) Effects of Magnesium Content on the Physical, Chemical and Degradation 
Properties in a MgO-CaO-Na2O-P2O5 Glass System. Journal of Non-Crystalline 
Solids, 363, 57-63. https://doi.org/10.1016/j.jnoncrysol.2012.11.036  

[2] Kellomaki, M., Niiranen, H., Puumanen, K., Ashammakhi, N., Waris, T. and Tir-
mala, P. (2000) Bioabsorbable Scaffolds for Guided Bone Regeneration and Genera-
tion. Biomaterials, 21, 2495-2505. https://doi.org/10.1016/S0142-9612(00)00117-4  

[3] Mohammadi, M.S., Ahmed, I., Muja, N., Rudd, C.D., Bureau, M.N. and Nazhat, 
S.N. (2011) Effect of Phosphate-Based Glass Fibre Surface Properties on Thermally 
Produced Poly(Lactic Acid) Matrix Composites. Journal of Materials Science: Mate-
rials in Medicine, 22, 2659-2672. https://doi.org/10.1007/s10856-011-4453-x  

[4] Haque, P., Parsons, A., Ahmed, I., Irvine, D.J., Walker, G.S. and Rudd, C.D. (2010) 
Oligomer Coupling Agents for Phosphate Based Glass Fibre/Pla Composites. Inter-
national Committee on Composite Materials, 1854-1860. 

[5] Jiang, G., Evans, M.E., Jones, I.A., Rudd, C.D., Scotchford, C.A. and Walker, G.S. 
(2005) Preparation of Poly(Epsilon-Caprolactone)/Continuous Bioglass Fibre 
Composite Using Monomer Transfer Moulding for Bone Implant. Biomaterials, 26, 
2281-2288. https://doi.org/10.1016/j.biomaterials.2004.07.042  

https://doi.org/10.4236/njgc.2017.74009
https://doi.org/10.1016/j.jnoncrysol.2012.11.036
https://doi.org/10.1016/S0142-9612(00)00117-4
https://doi.org/10.1007/s10856-011-4453-x
https://doi.org/10.1016/j.biomaterials.2004.07.042


C. K. Zhu et al. 
 

 

DOI: 10.4236/njgc.2017.74009 112 New Journal of Glass and Ceramics 
 

[6] Hench, L.L. and Wilson, J. (1984) Surface-Active Biomaterials. Science, 226, 630-636.  
https://doi.org/10.1126/science.6093253  

[7] Hench, L.L., Splinter, R.J., Allen, W.C. and Greenlee, T.K. (1971) Bonding Mechan-
isms at the Interface of Ceramic Prosthetic Materials. Journal of Biomedical Mate-
rials Research, 5, 117-141. https://doi.org/10.1002/jbm.820050611  

[8] Jones, J.R. (2013) Review of Bioactive Glass: From Hench to Hybrids. Acta Bioma-
terialia, 9, 4457-4486. https://doi.org/10.1016/j.actbio.2012.08.023  

[9] Moya, A., Aza, P.N.D., Pena, P. and Aza Pendas, S.D. (2007) Bioactive Glasses and 
Glass-Ceramics. The Journal of the Spanish Ceramic and Glass Society, 46, 45-55. 

[10] Abou Neel, E.A., Pickup, D.M., Valappil, S.P., Newport, R.J. and Knowles, J.C. 
(2009) Bioactive Functional Materials: A Perspective on Phosphate-Based Glasses. 
Journal of Materials Chemistry, 19, 690. https://doi.org/10.1039/B810675D  

[11] Brow, R.K. (2000) Review: The Structure of Simple Phosphate Glasses. Journal of 
Non-Crystalline Solids, 263-264, 1-28. 

[12] Lee, Y.K. and LeGeros, R.Z. (2008) Calcium Phosphate Glass: Potential as Bioma-
terial for Hard Tissue Repair. Key Engineering Materials, 377, 43-72.  
https://doi.org/10.4028/www.scientific.net/KEM.377.43 

[13] Ahmed, I., Ready, D., Wilson, M. and Knowles, J.C. (2006) Antimicrobial Effect of 
Silver-Doped Phosphate-Based Glasses. Journal of Biomedical Materials Research, 
Part A, 79, 618-626. https://doi.org/10.1002/jbm.a.30808 

[14] Abou Neel, E., Ahmed, I., Pratten, J., Nazhat, S.N. and Knowles, J.C. (2005) Cha-
racterisation of Antibacterial Copper Releasing Degradable Phosphate Glass Fibres. 
Biomaterials, 26, 2247-2254. 

[15] Abou Neel, E.A., Ahmed, I., Blaker, J.J., Bismarck, A., Boccaccini, A.R., Lewis, M.P., 
Nazhat, S.N. and Knowles, J.C. (2005) Effect of Iron on the Surface, Degradation 
and Ion Release Properties of Phosphate-Based Glass Fibres. Acta Biomaterialia, 1, 
553-563. 

[16] Abou Neel, E.A., Ahmed, I. and Knowles, J.C. (2007) Investigation of the Mixed 
Alkali Effect in a Range of Phosphate Glasses. Key Engineering Materials, 330-332, 
161-164. https://doi.org/10.4028/www.scientific.net/KEM.330-332.161 

[17] Ahmed, I., Parsons, A.J., Palmer, G., Knowles, J.C., Walker, G.S. and Rudd, C.D. 
(2008) Weight Loss, Ion Release and Initial Mechanical Properties of a Binary Cal-
cium Phosphate Glass Fibre/PCL Composite. Acta Biomaterialia, 4, 1307-1314. 

[18] Abou Neel, E.A. and Knowles, J.C. (2008) Physical and Biocompatibility Studies of 
Novel Titanium Dioxide Doped Phosphate-Based Glasses for Bone Tissue Engi-
neering Applications. Journal of Materials Science, Materials in Medicine, 19, 
377-386. https://doi.org/10.1007/s10856-007-3079-5 

[19] Parsons, A.J., Evans, M., Rudd, C.D. and Scotchford, C.A. (2004) Synthesis and De-
gradation of Sodium Iron Phosphate Glasses and Their in Vitro Cell Response. 
Journal of Biomedical Materials Research, Part A, 71, 283-291.  
https://doi.org/10.1002/jbm.a.30161 

[20] Ahmed, I., Parsons, A., Jones, A., Walker, G., Scotchford, C. and Rudd, C. (2010) 
Cytocompatibility and Effect of Increasing MgO Content in a Range of Quaternary 
Invert Phosphate-Based Glasses. Journal of Biomaterials Applications, 24, 555-575.  
https://doi.org/10.1177/0885328209102761 

[21] Hasan, M.S., Ahmed, I., Parsons, A.J., Walker, G.S. and Scotchford, C.A. (2012) 
Material Characterisation and Cytocompatibility Assessment of Quinternary Phos-
phate Glasses. Journal of Materials Science, Materials in Medicine, 23, 2531-2541.  
https://doi.org/10.1007/s10856-012-4708-1 

https://doi.org/10.4236/njgc.2017.74009
https://doi.org/10.1126/science.6093253
https://doi.org/10.1002/jbm.820050611
https://doi.org/10.1016/j.actbio.2012.08.023
https://doi.org/10.1039/B810675D
https://doi.org/10.4028/www.scientific.net/KEM.377.43
https://doi.org/10.1002/jbm.a.30808
https://doi.org/10.4028/www.scientific.net/KEM.330-332.161
https://doi.org/10.1007/s10856-007-3079-5
https://doi.org/10.1002/jbm.a.30161
https://doi.org/10.1177/0885328209102761
https://doi.org/10.1007/s10856-012-4708-1


C. K. Zhu et al. 
 

 

DOI: 10.4236/njgc.2017.74009 113 New Journal of Glass and Ceramics 
 

[22] Massera, J., Claireaux, C., Lehtonen, T., Tuominen, J., Hupa, L. and Hupa, M. 
(2011) Control of the Thermal Properties of Slow Bioresorbable Glasses by Boron 
Addition. Journal of Non-Crystalline Solids, 357, 3623-3630. 

[23] Karabulut, M., Yuce, B., Bozdogan, O., Ertap, H. and Mammadov, G.M. (2011) Ef-
fect of Boron Addition on the Structure and Properties of Iron Phosphate Glasses. 
Journal of Non-Crystalline Solids, 357, 1455-1462. 

[24] Yuan, G., Zhang, T. and Inoue, A. (2003) Thermal Stability, Glass-Forming Ability 
and Mechanical Properties of Mg-Y-Zn-Cu Glassy Alloys. Materials Transactions, 
44, 2271-2275. https://doi.org/10.2320/matertrans.44.2271 

[25] Gaylord, S., Tincher, B., Petit, L. and Richardson, K. (2009) Viscosity Properties of 
Sodium Borophosphate Glasses. Materials Research Bulletin, 44, 1031-1035. 

[26] Sharmin, N., Hasan, M.S., Parsons, A.J., Furniss, D., Scotchford, C.A., Ahmed, I. 
and Rudd, C.D. (2013) Effect of Boron Addition on the Thermal, Degradation, and 
Cytocompatibility Properties of Phosphate-Based Glasses. BioMed Research Inter-
national, 2013, 1-12. https://doi.org/10.1155/2013/902427 

[27] Lim, J.W., Schmitt, M.L., Brow, R.K. and Yung, S.W. (2010) Properties and Struc-
tures of Tin Borophosphate Glasses. Journal of Non-Crystalline Solids, 356, 
1379-1384. 

[28] Sharmin, N., Rudd, C.D., Parsons, A.J. and Ahmed, I. (2016) Structure, Viscosity 
and Fibre Drawing Properties of Phosphate-Based Glasses: Effect of Boron and Iron 
Oxide Addition. Journal of Materials Science, 51, 7523-7535.  
https://doi.org/10.1007/s10853-016-0032-3 

[29] Zhu, C., Ahmed, I., Parsons, A., Hossain, K.Z., Rudd, C., Liu, J. and Liu, X. (2017) 
Structural, Thermal, in Vitro Degradation and Cytocompatibility Properties of 
P2O5-B2O3-CaO-MgO-Na2O-Fe2O3 Glasses. Journal of Non-Crystalline Solids, 457, 
77-85. 

[30] Wang, F., Liao, Q., Xiang, G. and Pan, S. (2014) Thermal Properties and FTIR 
Spectra of K2O/Na2O Iron Borophosphate Glasses. Journal of Molecular Structure, 
1060, 176-181. 

[31] Hrubý, A. (1972) Evaluation of Glass-Forming Tendency by Means of DTA. Cze-
choslovak Journal of Physics B, 22, 1187-1193. https://doi.org/10.1007/BF01690134 

[32] Haque, P., Ahmed, I., Parsons, A., Felfel, R., Walker, G. and Rudd, C. (2013) Degrada-
tion Properties and Microstructural Analysis of 40P2O5-24MgO-16CaO-16Na2O-4Fe2O3 
Phosphate Glass Fibres. Journal of Non-Crystalline Solids, 375, 99-109. 

[33] Shih, P.Y. and Chin, T.S. (1999) Effect of Redox State of Copper on the Properties 
of P2O5-Na2O-CuO Glasses. Materials Chemistry and Physics, 60, 50-57. 

[34] Gaafar, M.S., Marzouk, S.Y., Zayed, H.A., Soliman, L.I. and Serag El-Deen, A.H. 
(2013) Structural Studies and Mechanical Properties of Some Borate Glasses Doped 
with Different Alkali and Cobalt Oxides. Current Applied Physics, 13, 152-158. 

[35] Moustafa, Y.M. and El-Egili, K. (1998) Infrared Spectra of Sodium Phosphate 
Glasses. Journal of Non-Crystalline Solids, 240, 144-153. 

[36] Ciceo-Lucacel, R., Radu, T., Ponta, O. and Simon, V. (2014) Novel Selenium Con-
taining Boro-Phosphate Glasses: Preparation and Structural Study. Materials 
Science and Engineering: C, 39, 61-66. 

[37] Raguenet, B., Tricot, G., Silly, G., Ribes, M. and Pradel, A. (2012) The Mixed Glass 
Former Effect in Twin-Roller Quenched Lithium Borophosphate Glasses. Solid 
State Ionics, 208, 25-30. 

[38] Rani, S., Sanghi, S., Ahlawat, N. and Agarwal, A. (2014) Influence of Bi2O3 on 

https://doi.org/10.4236/njgc.2017.74009
https://doi.org/10.2320/matertrans.44.2271
https://doi.org/10.1155/2013/902427
https://doi.org/10.1007/s10853-016-0032-3
https://doi.org/10.1007/BF01690134


C. K. Zhu et al. 
 

 

DOI: 10.4236/njgc.2017.74009 114 New Journal of Glass and Ceramics 
 

Thermal, Structural and Dielectric Properties of Lithium Zinc Bismuth Borate 
Glasses. Journal of Alloys and Compounds, 597, 110-118. 

[39] Balachander, L., Ramadevudu, G., Shareefuddin, M., Sayanna, R. and Venudhar, 
Y.C. (2013) IR Analysis of Borate Glasses Containing Three Alkali Oxides. Science 
Asia, 39, 278. https://doi.org/10.2306/scienceasia1513-1874.2013.39.278 

[40] Abdelghany, A.M. (2012) Combined DFT, Deconvolution Analysis for Structural 
Investigation of Copper-Doped Lead Borate Glasses. The Open Spectroscopy Jour-
nal, 9-14. https://doi.org/10.2174/1874383801206010009 

[41] Valappil, S.P., Ready, D., Neel, E.A.A., Pickup, D.M., Chrzanowski, W., O’Dell, 
L.A., Newport, R.J., Smith, M.E., Wilson, M. and Knowles, J.C. (2008) Antimicrobi-
al Gallium-Doped Phosphate-Based Glasses. Advanced Functional Materials, 18, 
732-741. https://doi.org/10.1002/adfm.200700931 

[42] Carta, D., Pickup, D.M., Knowles, J.C., Ahmed, I., Smith, M.E. and Newport, R.J. 
(2007) A Structural Study of Sol-Gel and Melt-Quenched Phosphate-Based Glasses. 
Journal of Non-Crystalline Solids, 353, 1759-1765. 

[43] Abid, M., Et-tabirou, M. and Taibi, M. (2003) Structure and DC Conductivity of 
Lead Sodium Ultraphosphate Glasses. Materials Science and Engineering B, 97, 
20-24. 

[44] Moustafa, Y.M., El-Egili, K., Doweidar, H. and Abbas, I. (2004) Structure and Elec-
tric Conduction of Fe2O3-P2O5 Glasses. Physica B: Condensed Matter, 353, 82-91. 

[45] Magyari, K., Stefan, R., Vodnar, D.C., Vulpoi, A. and Baia, L. (2014) The Silver In-
fluence on the Structure and Antibacterial Properties of the Bioactive 
10B2O3-30Na2O-60P2O2 Glass. Journal of Non-Crystalline Solids, 402, 182-186. 

[46] Saranti, A., Koutselas, I. and Karakassides, M.A. (2006) Bioactive Glasses in the 
System CaO-B2O3-P2O5: Preparation, Structural Study and in Vitro Evaluation. 
Journal of Non-Crystalline Solids, 352, 390-398. 

[47] Vosejpková, K., Koudelka, L., Černošek, Z., Mošner, P., Montagne, L. and Revel, B. 
(2012) Structural Studies of Boron and Tellurium Coordination in Zinc Borophos-
phate Glasses by 11B MAS NMR and Raman Spectroscopy. Journal of Physics and 
Chemistry of Solids, 73, 324-329. 

[48] Bingham, P.A., Hand, R.J., Forder, S.D., Lavaysierre, A., Deloffre, F., Kilcoyne, S.H. 
and Yasin, I. (2006) Structure and Properties of Iron Borophosphate Glasses. Phys-
ics and Chemistry of Glasses: European Journal of Glass Science and Technology 
Part B, 47, 313-317. 

[49] Elbers, S., Strojek, W., Koudelka, L. and Eckert, H. (2005) Site Connectivities in Sil-
ver Borophosphate Glasses: New Results from 11B{31P} and 31P{11B} Rotational 
Echo Double Resonance NMR Spectroscopy. Solid State Nuclear Magnetic Reson-
ance, 27, 65-76. 

[50] Koudelka, L. and Mos̆ner, P. (2000) Borophosphate Glasses of the ZnO-B2O3-P2O5 
System. Materials Letters, 42, 194-199. 

[51] Doweidar, H., Moustafa, Y.M., El-Egili, K. and Abbas, I. (2005) Infrared Spectra of 
Fe2O3-PbO-P2O5 Glasses. Vibrational Spectroscopy, 37, 91-96. 

[52] Baia, L., Muresan, D., Burean, E., Simon, V., Kiefer, W. and Simon, S. (2004) IR and 
Raman Spectroscopic Investigations of the Iron Doping Effect on the Structure of 
Phosphate Glasses. Proceedings of the 19th International Conference on Raman 
Spectroscopy, 502-503. 

[53] Parsons, A.J., Burling, L.D., Scotchford, C.A., Walker, G.S. and Rudd, C.D. (2006) 
Properties of Sodium-Based Ternary Phosphate Glasses Produced from Readily 

https://doi.org/10.4236/njgc.2017.74009
https://doi.org/10.2306/scienceasia1513-1874.2013.39.278
https://doi.org/10.2174/1874383801206010009
https://doi.org/10.1002/adfm.200700931


C. K. Zhu et al. 
 

 

DOI: 10.4236/njgc.2017.74009 115 New Journal of Glass and Ceramics 
 

Available Phosphate Salts. Journal of Non-Crystalline Solids, 352, 5309-5317. 

[54] Karabulut, M., Marasinghe, G.K., Ray, C.S., Day, D.E., Waddill, G.D., Booth, C.H., 
Allen, P.G., Bucher, J.J., Caulder, D.L. and Shuh, D.K. (2002) An Investigation of 
the Local Iron Environment in Iron Phosphate Glasses Having Different Fe(II) 
Concentrations. Journal of Non-Crystalline Solids, 306, 182-192. 

[55] Donald, I.W., Metcalfe, B.L., Fong, S.K. and Gerrard, L.A. (2006) The Influence of 
Fe2O3 and B2O3 Additions on the Thermal Properties, Crystallization Kinetics and 
Durability of a Sodium Aluminum Phosphate Glass. Journal of Non-Crystalline 
Solids, 352, 2993-3001. 

[56] Concas, G., Congiu, F., Manca, E., Muntoni, C. and Pinna, G. (1995) Mossbauer 
Spectroscopic Investigation of Some Iron-Containing Sodium Phosphate Glasses. 
Journal of Non-Crystalline Solids, 1992-1993, 175-178. 

[57] Dey, K., Sharmin, N., Khan, R.A., Nahar, S., Parsons, A.J. and Rudd, C.D. (2011) 
Effect of Iron Phosphate Glass on the Physico-Mechanical Properties of Jute Fa-
bric-Reinforced Polypropylene-Based Composites. Journal of Thermoplastic Com-
posite Materials, 24, 695-711. https://doi.org/10.1177/0892705711401848 

[58] Yu, X.Y., Day, D.E., Long, G.J. and Brow, R.K. (1997) Properties and Structure of 
Sodium-Iron Phosphate Glasses. Journal of Non-Crystalline Solids, 215, 21-31. 

 

 
 
 
 
 
 
 

https://doi.org/10.4236/njgc.2017.74009
https://doi.org/10.1177/0892705711401848

	The Effects of Fe2O3 and B2O3 on the Glass Structural, Thermal, in Vitro Degradation Properties of Phosphate Based Glasses 
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Glass Preparation
	2.2. Powder X-Ray Diffraction Analysis (XRD)
	2.3. Fourier Transform Infrared Spectroscopy (FTIR)
	2.4. Raman Spectroscopy
	2.5. Differential Scanning Calorimetry (DSC)
	2.6. Density Measurement
	2.7. Degradation Study
	2.8. Statistical Analysis

	3. Results
	3.1. Glass Composition and Properties
	3.2. Powder X-Ray Diffraction Analysis
	3.3. Glass Structure Analysis
	3.4. Degradation Analysis

	4. Discussion
	5. Conclusions
	Acknowledgements
	References

