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Abstract In this paper, we investigate the effect of SrO

substitution for CaO in 50P2O5–10Na2–(40-x)CaO–xSrO

glass system (x from 0 to 40) on the thermal and structural

properties and also on the glass reactivity in simulated

body fluid (SBF) in order to find new glass candidates for

biomedical glass fibers. The addition of SrO at the expense

of CaO seems to restrain the leaching of phosphate ions in

the solution limiting the reduction of the solution pH. We

observed the formation of an apatite layer at the surface of

the glasses when in contact with SBF. SrO and MgO were

found in the apatite layer of the strontium ion-containing

glasses, the concentration of which increases with an

increase of SrO content. We think that it is the presence of

MgO and SrO in the layer which limits the leaching of

phosphate in the solution and thus the glass dissolution in

SBF.

1 Introduction

Demand for biomedical glass fibers has increased in the

past decade. Fibers based on bioactive glasses can be used

for reinforcement in composite [1, 2] or biosensing [3].

Many biosensing devices have become a reality, especially

in biochemical sensing. The aim of the device is ‘‘to pro-

duce a signal that is proportional to the concentration of a

chemical or biochemical to which the biological element

reacts’’ [4]. Recently, Gholamzadeh and Nobovati [5] lis-

ted the many applications and various concepts behind the

use of optical fibers for sensing, in a review on ‘‘fiber optic

sensor’’.

Glasses 45S5 and S53P4 have been developed by Hench

[6] and Andersson et al. [7] respectively. These glasses are

known to be highly bioactive and hence to form at their

surface a hydroxycarbonated apatite (HCA) layer similar

than the mineral part of bone [7, 8]. However, recent

studies have shown that hot working of these glasses, such

as drawing them into fibers, is difficult due to the rapid

crystallization of these glasses at viscosity close to the

sintering and/or drawing temperature [9]. Thus, the need

for new glass compositions for the development of novel

biomedical glass fibers becomes of great interest.

Phosphate glasses have been found to be good alterna-

tives to silicate glasses as they are also suitable glasses for

biomedical purposes, such as for example bone repair and

reconstruction [10]. Even more, it is well known that the

composition of the phosphate glasses can be tailored so

these glasses can possess a low melting temperature, high

dopant concentration, such as rare earth for example [11]

or in general metals ions [12]. However, phosphate glasses

are also known to have a fast dissolution rate limiting their

application as biomedical glasses [13]. An in-depth disso-

lution study on phosphate glasses, conducted by Bunker

et al. showed that the glass dissolution can be tailored and

can even present dissolution rate similar to silicate glasses

[14, 15].

From a biomedical point of view, SrO is naturally

present in the human body [16] and Sr can easily replace

Ca in the mineral part of the bone [17]. Studies have shown
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that Sr can have a positive impact on preventing caries [18]

and it is the only element which has been correlated to an

increase in bone compression strength [16]. In phosphate

glass, Sr and Ca have similar coordination number and are

both glass modifiers; hence their role in the glass structure

is expected to be similar [19].

In this paper, we present a study on the effect of Sr

substitution for Ca on the thermal and structural properties

of phosphate glasses. Thermal properties were measured

using a differential thermal analyzer (DTA) and structural

properties via ATR measurement. The glasses’ reactivity in

simulated body fluid (SBF) was, also, assessed. The pH of

the SBF solution was measured every 2–3 days for

21 days. After 48, 168 and 504 h, glass particles were

removed from the solution, rinsed and dried for ATR and

SEM/EDXA analysis. Ions concentration in solution was

measured via ICP-OES.

2 Experimental procedure

2.1 Glass processing

The glass samples were elaborated using standard melting

method in platinum crucible. NaPO3, SrCO3 CaCO3 and

(NH4)2HPO4 were used as raw materials. Ca(PO3)2 and

Sr(PO3)2 precursors were first independently prepared

using slow heating rate up to 900 �C. The precursors were

mixed in the platinum crucible with the appropriate amount

depending on the glass composition and melted at tem-

perature ranging from 1,000 to 1,150 �C depending on the

glass composition. The melt was poured on a brass mold

and the resulting glass was annealed at 40 �C below the

glass transition temperature.

2.2 Thermal properties

The glass transition temperature, Tg, and the crystallization

temperature, Tp of the glasses were determined by differ-

ential thermal analysis (TGA/SDTA using a Mettler

Toledo TGA/SDTA851e) at a heating rate of 10 �C/min on

glass particle size ranging from 300 to 500 lm. The

measurements were performed on 40–50 mg samples in

platinum pans in an N2 atmosphere. The glass transition

temperature was taken at the inflection point of the endo-

therm, as obtained by taking the first derivative of the DTA

curve. The crystallization temperature Tp was found at the

maximum of the exothermic peak. From the thermogram,

we can also measure Tsol and Tl which are taken as the

onset and endset of the melting (endothermic) peak,

respectively. Tsol corresponds to the melting of the first

crystal, while Tl corresponds to the melting of the last

crystal. The accuracy of the measurement is ±3 �C.

2.3 Structural properties

The IR absorption spectra of the glasses were recorded

using a Perkin Elmer FTIR in Attenuated Total Reflectance

(ATR) mode on powdered glasses with grain size

300–500 lm. All IR spectra were recorded within the

range 600–1,600 cm-1 and were corrected for Fresnel

losses and normalized to the absorption band with maxi-

mum intensity.

The Raman spectra were recorded between 400 and

1,500 cm-1 at room temperature with a confocal micro-

Raman Labram (Horiba/Jobin–Yvon) spectrometer in

backscattering mode. The excitation source was a 532 nm

continuous laser (Pavg = 5.5 mW). A holographic Notch

filter was used to reject the Rayleigh diffusion. The back-

scattered light was collected through a 1009 objective and

selectively transmitted through the Notch filter towards a

cooled CCD detector. The spectral resolution is 2 cm-1.

2.4 ‘‘In vitro’’ reactivity

Powdered glasses with a grain size of 300–500 lm were

immersed in SBF for up to 512 h at 37 �C in an incubating

shaker (Stuart SI500) with an orbital speed of 120 rpm.

SBF solution, developed by Kokubo et al. [20] was pre-

pared following the methodology from the standard ISO/

FDIS 23317. The change in the pH of the solution was

recorded for various immersion times, using a pH/ion

analyzer (Mettler Toledo MA235), and compared to a

blank sample containing only SBF.

After 48, 168 and 512 h of immersion, 10 ml of the SBF

solution containing glassy powder was diluted in 90 ml of

ultra-pure water for ICP-OES measurement and the glass

powder was filtered, rinsed with acetone and dried, for

SEM/EDXA and ATR characterization.

Inductively coupled plasma-optical emission spectrom-

eter (ICP-OES; Optima 5300DV, Perkin Elmer) was

employed to quantify the amount of P, Sr, Ca and Na ions

found in the SBF solution after glass immersion.

SEM/EDXA (Leo 1530 Gemini from Zeiss and EDXA

from Vantage by Thermo Electron Corporation) was used

to analyze the composition of the glassy powder and to

evidence the formation of a layer after immersion in SBF.

The accuracy of the elemental analysis is *1.5 mol%.

3 Results

Figure 1 presents the DTA thermogram of the glasses with the

composition 50P2O5–10Na2O–(40-x)CaO–xSrO as a func-

tion x, measured at a heating rate of 10 �C/min. The position of

the characteristic temperatures Tg, Tx, Tp, Tsol and Tl are shown.

Figure 2a exhibits Tg, Tx and Tp as a function of x. It is shown
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that Tg, Tx and Tp decrease when x increases from 0 to

40 mol%. The decrease in Tg is more pronounced between

x = 0 and 20 mol% while the decrease of Tp and Tx is more

significant between x = 20 and 40 mol%. Figure 2b presents

Tsol and Tl as a function of x. Both temperatures decrease when

x increases from 0 to 20 mol% and then increase for

x[ 26.67 mol% SrO. Using the values for Tg and Tx, DT

(DT = Tx-Tg) which is a gauge to the glass resistance toward

crystallization [21], was calculated. Variation in DT as a

function of SrO content is presented in Fig. 2c. DT first

increases when x increases from 0 to 20 mol% and then

decreases with a further increase in x. It is interesting to point

out that all the investigated glasses exhibit a DT larger than

100 �C indicating that all glasses should have a good stability

toward crystallization which is suitable for fiber drawing or hot

working.

The structural properties of the glasses as a function of x

were investigated using ATR and Raman spectroscopy. The

IR spectra of the glasses are shown in Fig. 3a. All spectra were

normalized to the band located at *880 cm-1. The spectra

exhibit five absorption bands located around 1260, 1085, 880,

775 and 718 cm-1 and two shoulders at *1,154 and

980 cm-1. All bands shift towards lower wavenumbers with

an increase in x. The bands at 1,260 and 1,085 cm-1 and the

two shoulders at 1,154 and 980 cm-1 decrease in intensity,

compared to that of the main band centered at 880 cm-1

whereas the intensity of the bands in the 650–800 cm-1 region

increases when x increases.

Figure 3b presents the Raman spectra of the glasses. All

spectra were normalized to the band with maximum

intensity peaking at *1,175 cm-1. The spectra exhibit

Fig. 1 DTA thermogram of the investigated glasses, as a function

of x

Fig. 2 Plot of Tg, Tx and Tp (a) Tsol and Tl (b) and DT (c) as a function of x
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four bands and one shoulder. The bands located at *1010,

1175 and 1250 cm-1, along with the shoulder at

1,095 cm-1 appear to shift to lower wavenumber. The

band centered at 1,250 cm-1 exhibits a slight decrease in

intensity whereas the bands at 1,010 and 1,095 increases in

intensity with the progressive replacement of SrO for CaO

compared to that of the band at 1,175 cm-1. The band at

690 cm-1 does not present any significant shift or change

in intensity with the progressive increase in x.

Glass powder of each composition was immersed in SBF

for 21 days. After 2 days of immersion, we observed a thin

layer forming at the surface of the glasses, on all samples. The

pH of the solution was measured every 2–3 days. Figure 4

presents the changes in pH as a function of the immersion time

for the investigated samples. For all samples, the pH increases

during the first 48 h of immersion and then decreases for

longer immersion. The solution containing the glasses with

x = 0 and 20 mol% were found to give rise to the highest and

lowest decrease in pH, respectively.

Figures 5a–c show the evolution of the concentration in

P, Ca and Sr, respectively, measured in the SBF solution as

a function of immersion time and x. As seen in Fig. 5a, the

P ions content in the SBF solution increases for all glasses

as a function of immersion time. However, while the glass

x = 0 exhibits the highest increase in P ions content in the

solution, the glass with x = 20 mol% presents the least

amount of P ions in solution at the end of the experiment

(t = 504 h). As shown in Fig. 5b, the concentration of Ca

ions in the SBF solution containing the glasses with x = 0

and 20 mol% first slightly increases during the first 48 h

and then decreases when the immersion duration is

increased to 168 h to finally remain constant for longer

immersion time up to 500 h. The Ca ions content in the

solution of the glasses with x = 26.67 and 40 mol%

remains constant during the first 48 h of immersion and

then progressively decreases for longer immersion time. It

is important to remind that a decrease of the Ca ions

content in the solutions indicates that Ca ions are consumed

when the glasses are immersed in SBF. The concentration

of Sr ions in solution, presented in Fig. 5c, increases with

increasing immersion time and with increasing x. As

expected from the composition of the glasses, a larger

amount of Sr ions is found in the solution of the glass

containing the highest SrO content (x = 40 mol%).

After 48, 168 and 504 h of immersion, the glass parti-

cles were dried, embedded in resin and then polished to

examine their cross section. Figure 6a, b present the SEM

images of glass particles with x = 0 after 48 and 504 h of

immersion, respectively. Figure 6c, d show the SEM ima-

ges of glass particles with x = 20 mol% after 48 and 504 h

of immersion, respectively. After 48 h of immersion in

SBF, all glasses were found to have a layer forming at the

surface of the glass particles, the thickness of which

increases with an increase of the immersion duration

independently of the glass composition (x). As seen in the

Fig. 3 IR (a) and Raman (b) spectra of the glasses

Fig. 4 pH of SBF solution as a function of immersion time
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Fig. 6, the layer thickness is *2–5 lm after 48 h in SBF

and increases to 20–35 lm after 504 h of immersion. The

composition of the layer and of the remaining glass was

estimated using SEM/EDXA. Independently of the

immersion duration, the glass composition was found to

remain unchanged for all investigated samples. The layer

composition as a function of the immersion time and

composition is reported in Table 1. For all the glasses, the

layer is formed by a lower concentration of Na2O, P2O5

and SrO and a higher concentration of CaO. While the

layers in all the investigated glasses have similar concen-

tration of P2O5 (within the accuracy of the measurement),

they have different CaO concentration and most probably

different Na2O content, the concentration of which

decreases as x increases. Moreover, we noticed also an

increase in the concentration of SrO in the layer as x

increases. MgO was also found in the layer, the concen-

tration of which increases with an increase of x. As seen in

Table 1, with increasing immersion time, the concentration

of P2O5 slightly decreases, the SrO and MgO content

increases and we suspect a slight reduction in the Na2O

content. Within the accuracy of the measurement, the

amount of CaO in the layer of the glasses with x = 0 and

20 mol% is suspected not to change significantly with

increasing immersion duration whereas it decreases sig-

nificantly in the layer forming at the surface of the glasses

with x = 26.67 and 40 mol%.

Figure 7 presents the IR spectra of the glass with x = 0

(taken as an example), as a function of immersion time in SBF.

With increasing the immersion time, the bands at*1,250 and

*780 cm-1 progressively decreases in intensity whereas the

amplitude of the band at*1,085 cm-1 increases compared to

that of the band at 880 cm-1. Moreover, we can also notice

that the shoulder at 980 cm-1 disappears and a new band

appears at 1,030 cm-1, the intensity of which increases with

an increase of the immersion time. All the investigated glasses

were found to exhibit similar changes as a function of

immersion time.

4 Discussion

In this paper, new phosphate glasses in the 50P2O5–

10Na2O–(40-x)CaO–xSrO glass system have been pre-

pared in order to understand the impact of the replace-

ment of Ca ions for Sr ions on the thermal and structural

Fig. 5 Ions concentration in the SBF solution for P (a), Ca (b) and Sr (c) as a function of immersion time
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properties of the glasses. We also investigated its impact

on the glass reactivity in SBF to check if these glasses

can be considered good candidates as novel bioactive

materials.

4.1 Thermal and structural properties

The thermal properties of the glasses are presented in

Fig. 2. As seen in Fig. 2a, the replacement of Ca by Sr in

Fig. 6 SEM photographs of glass particles with x = 0 immersed in SBF for 48 h (a) and 504 h (b) and of glass particles with x = 20 mol%

immersed in SBF for 48 h (c) and 504 h (d)

Table 1 Layer composition as a function of immersion time and x

Duration of immersion (h) P2O5 (mol%) Na2O (mol%) CaO (mol%) SrO (mol%) MgO (mol%)

50P2O5–10Na2O–40CaO (x = 0)

48 37.9 4.2 53.3 4.6

168 36.9 3.8 53.6 5.7

504 34.6 3.2 55.1 7.1

50P2O5–10Na2O–20CaO–20SrO (x = 20 mol%)

48 36.3 3.8 50.9 3.4 5.5

168 34.7 2.6 50.3 4.8 7.5

504 33.2 2.3 49.6 6.6 8.3

50P2O5–10Na2O–13.3CaO–26.7SrO (x = 26.67)

48 37.6 3.9 47.1 4.9 6.5

168 35.2 2.1 47.1 7.7 7.9

504 33.6 2.8 43.6 10.5 9.5

50P2O5–10Na2O–40SrO (x = 40 mol%)

48 38.1 3.3 43.3 9.9 5.3

168 34.9 3.0 42.2 10.1 9.8

504 35.3 2.3 35.9 15.8 10.7
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the phosphate glass leads to the formation of a glass with a

lower Tg and Tp. This decrease in Tg and Tp can be

attributed to a distortion of the glass network, due to the

slightly larger size of Sr ions as compared to Ca ions. This

is in agreement with [22, 23] who attributed the decrease in

the glass transition (Tg) and crystallization temperatures to

the formation of a less rigidly cross-linked glass network

when Sr ions was substituted for Ca ions in silicate and

phosphate glasses [22]. Similar changes in the glass tran-

sition and crystallization temperatures were observed when

Ca ions were replaced by Sr ions in the well-known 45S5

glass [24]. DT, which is a gauge to the resistance to crys-

tallization, is shown in Fig. 2c. DT first increases when x

increases from 0 to 20 mol% and then decreases when x

further increases to 40 mol%. It is interesting to notice that

all glasses exhibit a DT larger than 100 �C, indicating that

these glasses possess reasonable glass stability and can

probably be drawn into fiber from preform without unde-

sired crystallization. Hence, the SrO substitution for CaO

up to x = 20 mol% appears to be the most beneficial glass

composition for fiber drawing due to its highest DT.

Moreover, one can notice, from Fig. 1, that the difference

in temperature between the end of the crystallization peak

and the beginning of melting increases with increasing the

SrO content indicating that the addition of SrO at the

expense of CaO in the investigated phosphate glass system

appears to be also beneficial for drawing fibers from liquid.

Especially, as shown in Fig. 2b, glasses with x = 20 and

26.67 mol% are of particular interest as their liquidus

temperature occur at lower temperature.

The structure of the glasses was investigated using ATR

and Raman spectroscopy. Figure 3a presents the IR spectra

of the investigated glasses. All the absorption bands in the

spectra can be attributed to the phosphate glass network.

The main band at *880 cm-1 is attributed to P–O–P

asymmetric stretching of bridging oxygen in Q2 units

(mas P–O–P Q2) [25–27]. The shoulder centered at

*980 cm-1 and the band peaking at 1,085 cm-1 corre-

spond to the symmetric and asymmetric stretching vibra-

tion of PO3
2- in Q1 units, respectively, [26, 28]. The band

at 1,085 cm-1 can be attributed to an overlap between PO3

Q1 terminal group and PO2 Q2 groups in metaphosphate

[29]. The shoulder at 1,154 cm-1 and the absorption band

at 1,260 cm-1 correspond to symmetric and asymmetric

vibration of PO2- in Q2 units, respectively [26, 28]. The

absorption band located at 718 and 775 cm-1 are charac-

teristic of P–O–P symmetric stretching vibration in meta-

phosphate structure [29]. The Raman spectra, in Fig. 3b,

show four main bands at around 690 cm-1 corresponding

to symmetric vibration P–O–P in metaphosphate type

chains, 1,010 cm-1 attributed to symmetric stretch mode of

NBO in Q1 units, and at 1,175 and 1,250 cm-1 corre-

sponding respectively to symmetric and antisymmetric

vibrations of PO2 also in phosphate chains [30–32]. The

shoulder at *1,095 cm-1 corresponds to motion of ter-

minal oxygen bond vibration in phosphate chains [33].

From the Raman and IR spectra, we can conclude that the

glass network of the investigated glasses is mainly formed

of phosphate chains (metaphosphate type glass structure)

with the presence of P–O–P entities formed with PO2 units.

The shift of the vibrations bands to lower wavenumber in

the IR and Raman spectra is clearly observed when the

calcium is replaced for the strontium. Such evolution can

be related to a slight weakening of the P–O bonds. The

slight weakening of the P–O bond can be attributed to the

increase in the P–O–P bond angle in PO4 tetrahedra as the

field strength of Sr2? is lower than Ca2? [25]. From

the Raman spectra, it is possible to believe that the stron-

tium ion-containing glasses have slightly more Q1 units

than the SrO-free glass as evidenced by the slight increase

in the intensity of the band located at 1,010 cm-1 and the

decrease in the intensity of the band at 1,250 cm-1 in

Fig. 3b. This is further confirmed with the decrease in the

intensity of the band located at 1,260 cm-1 compared to

the band at 1,085 cm-1 in Fig. 3a. This may indicate that

the progressive introduction of SrO at the expense of CaO

in the phosphate network leads to a more depolymerized

phosphate chains.

4.2 Glass’ reactivity in SBF

Powdered glasses with a grain size of 300–500 lm were

immersed in SBF up to 512 h at 37 �C in an incubating

shaker in order to compare the glass reactivity in SBF as a

function of x.

As seen in Fig. 4, the pH of the solutions increases

during the first 48 h but then decreases for longer immer-

sion duration. The initial increase in the solution’s pH can

be attributed to the release of Na?, Ca2? and/or Sr2? ions

Fig. 7 IR spectra the glass with x = 0 as a function of immersion

time
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in solution as supported in Fig. 5, and as seen in [34]. For

longer immersion time, the decrease of the pH, seen in

Fig. 4, can be related to the change in P content in the SBF

solution (Fig. 5a) [35] and so to the release of HPO4 and

PO4
3- ions. As seen in Fig. 5, the glass with x = 0 when

immersed in SBF releases the largest amount of P ions and

consumes the less Ca, leading to a dramatic decrease in the

solution pH. On the other hand, the strontium ion-con-

taining glasses release a low amount of P ions but consume

a large amount of Ca due to their low CaO content which

leads to a small variation in the solution pH. One can notice

that an increase of the SrO content in the phosphate glass

leads to a larger consumption of Ca and also to a larger

release of Sr in the solution. The consumption of Ca from

the solution seen in Fig. 5a indicates that an apatite-like

layer is progressively formed at the surface of the glass

when it is immersed in SBF as seen at the surface of

phosphate glasses with composition 44.5P2O5–44.5CaO–

11Na2O when immersed in SBF [10].

In order to confirm the formation of an apatite layer at

the surface of the glasses, the structure of the glasses were

analyzed with ATR after 48, 168 and 504 h of immersion

in SBF. Figure 7 presents the IR spectra measured at the

surface of the SrO-free glass particles as a function of

immersion time in SBF. With increasing the immersion

time, the absorption band at 1,250 cm-1 and the shoulder

at 1,154 cm-1 decrease in intensity indicating that the

amount of Q2 units decreases. Moreover, the absorption

band at 1,085 cm-1 increases in intensity indicating an

increase in the Q1 units. These changes in the spectra can

be attributed to the depolymerization of the glass due to an

hydration of the phosphate chains as reported in [10]. More

importantly, a new band at 1,030 cm-1 appears with

increasing the immersion time. This band can be attributed

to PO- in Q0 units which are characteristics of ortho-

phosphate groups as seen in [36] and could correspond to

an apatitic like configuration. One can also observe a

decrease in intensity of the band at 775 cm-1 and an

increase in intensity of the band at 715 cm-1 revealing a

decrease in bond length and/or the formation of ortho-

phosphate groups when the glass is in contact with SBF.

The same changes were observed in the spectra of the other

glasses.

As the change in the solution pH can be related to the

glass dissolution rate [37], the Sr-free glass is expected to

have higher dissolution rate than the strontium ion-con-

taining glasses. Based on our former work [15] and also on

[14], the dissolution rate of a glass depends on its network

dimensionality. It is expected to increase when lowering

the cross-linking of the glass network. Based on the anal-

ysis of the IR spectra, the addition of SrO at the expense of

CaO should lead to an increase in the dissolution rate

which is in disagreement with the evolution of the solution

pH as a function of immersion duration seen in Fig. 4. In

order to understand this, the composition of the remaining

glass and of the apatite layer was checked using SEM/

EDXA. Independently of the immersion time, no variation

in the composition within the accuracy of measurement

was observed for the remaining glasses confirming that the

investigated glasses dissolve uniformly in SBF as discussed

in [14]. The composition of the formed layer is reported in

Table 1. P, Na, Ca, Sr and Mg ions were found in the layer.

The P2O5 content in the layer decreases with increasing the

immersion time which is in agreement with the increase of

the P content in the SBF solution (Fig. 5) and also with the

formation of an apatite type layer. The CaO content

decreases whereas the SrO content increases in the layer

with increasing x. This is due to the fact that when SrO is

substituted for CaO in the glass, less Ca2? ions are avail-

able for the layer formation leading to a higher Ca con-

sumption from the liquid, as seen in Fig. 5. Even more, the

concentration of MgO in the layer increases with increas-

ing x. Mg ions come from the SBF solution and are likely

introduced in the apatitic layer during its formation. Indeed

it is well known that Mg and Sr ions can substitute Ca ions

in an apatite layer [38]. We think it is because of the

presence of SrO and MgO in the layer, that the glass with

x = 20 mol% exhibits a lower variation in the solution pH

when in contact with SBF than the glass with x = 0 while

these glasses have a similar structure as seen in Fig. 3. The

larger solution pH reduction when x increases from 20 to

40 mol% SrO might be related to the structure of the

glasses. As explained in the previous paragraph, the

replacement of Ca ions by Sr ions leads to the formation of

a glass network with lower bond strength and less cross-

linked network and so a glass with a slightly higher dis-

solution rate. It should be noted that the decrease in

phosphate leaching from the SrO-containing glasses does

not seem to impair the formation of the apatite layer. This

can be attributed to the presence of the Sr ions in the ap-

atitic layer and/or in the solution. Indeed it has been

reported that Sr ions increase the nucleation of apatite

crystals [38, 39].

5 Conclusion

The effect of Ca ions replacement by Sr on the thermal

property and surface reactivity of phosphate glasses has

been investigated in order to engineer new glass candidates

for biomedical glass fibers. From the analysis of the ther-

mal properties, we showed that the substitution of SrO for

CaO leads to glasses with better thermal stability upon

crystallization and a wider temperature window between

the end of the crystallization peak and the beginning of

melting, indicating that the strontium ion-containing

1414 J Mater Sci: Mater Med (2013) 24:1407–1416

123



glasses might be suitable for fiber drawing from preform

and, also, from liquid. From a glass surface reactivity point

of view, when immersed in SBF, all glasses were found to

precipitate an apatite-like layer, the thickness of which

increases with increasing the immersion time indepen-

dently of the glass composition. The formation of the

apatite-like layer was confirmed using ATR. During the

layer formation, the amount of phosphate ions released in

solution as a function of immersion time was found to be

less for the SrO-containing glasses which leads to less

change in pH. Using SEM/EDXA, Na2O, P2O5, SrO, CaO

and MgO were found in the apatite layer of the strontium

ion-containing glasses. The concentration of SrO and MgO

was found to increase with an increase of SrO content. We

think it is the presence of SrO and MgO in the apatite layer

which plays an important role in the limitation of phos-

phate leaching in the solution and so of the glass dissolu-

tion. All glasses were found to form an apatitic layer

regardless of the phosphate leaching limitation. This is

probably due to the Sr ions incorporation in the apatitic

layer and/or in solution. The reduced change in the solution

pH with respect to immersion times along with improved

thermal properties makes the strontium ion-containing

phosphate-based glasses promising glasses as bioactive

glass fibers.
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