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Abstract
Glasses from the two systems (Na2O–CaF2–P2O5) and (Na2O–CaO–P2O5) doped with 0.2% CuO or Ag2O were prepared 
by melting annealing technique. Samples from the glasses were thermally heat treated to convert them to their glass–
ceramic derivatives. FTIR spectra of the glasses and glass–ceramics were examined before and after immersion in SBF 
for 2 weeks at 37 °C to justify the spectral changes correlated with the bioactivity behavior of the tested samples. X-ray 
diffraction was utilized to identify the formed crystalline phases in the glass–ceramics upon thermal heat treatment. The 
crystalline phases are identified to be dependent on the chemical composition of the base glass and consisting of sodium 
phosphate and calcium phosphate crystalline phases beside combined sodium calcium fluoride phosphate crystalline 
phases and the sharing of the dopants. FTIR spectra after immersion indicate the appearance of two far-IR peaks which 
are characteristic for calcium phosphate or hydroxyapatite. SEM investigations confirm the bioactivity behavior through 
the appearance of the rounded or nodular-shaped crystalline phase. The optical and PL spectra indicate the complete 
transparency of the glasses in the visible except of interference of UV absorption band due to trace ferric ions impurities.
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1  Introduction

Phosphate glasses belong to a special vitreous system 
which are composed of connected tetrahedral PO4 units 
containing a single double bond with oxygen (P=O) to 
compensate for the pentavalent phosphorous atom [1]. 
They possess extended chemical compositions and retain-
ing always the tetrahedral PO4 units beside the low prep-
aration temperatures and hence low transition tempera-
tures which make some of them to be suitable candidate 
as solder glass and sealing purposes [2, 3]. Their excellent 
optical properties with many of the divalent metal oxides 
(MgO, ZnO, PbO, SrO, BaO, CaO) or with the addition of 
fluorides to obtain fluorophosphate glasses combining 
both properties of oxides and fluorides as evidenced by 
Ehrt and Möncke [4, 5]. The authors have reached the 

conclusion about the applications of phosphate and fluo-
rophosphates glasses in special recent optical devices. 
Phosphate glasses combined with PbO and Fe2O3 are 
suitable candidates for encapsulation of some radioactive 
wastes because of their superior chemical durability than 
borosilicate glasses and can conduct shielding behavior 
toward many irradiations [6].

Phosphate glasses have also great potential as regen-
erative medicine because of their solubility as strongly 
composition-dependent beside their bioactivity behav-
ior [7–10]. However, some authors [11] have revealed that 
the beneficial range of phosphate glasses for biomedical 
applications is bounded not only because of crystallization 
effects, but in vitro studies have displayed that too high 
solubility is detrimental to cell activity [8].
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Phosphate glasses can incorporate relatively high per-
cent of 3d transition metal ions, rare-earth ions and noble 
metals and exhibit interesting optical, magnetic and elec-
trical properties [12–14]. Some of the phosphate glasses 
containing ZnO or MgO reveal anomalous behavior in 
some of their properties and such behavior is related to 
the change in the coordination number of Mg2+ or Zn2+ 
[15]. Marzouk et al. [16] have shown that binary zinc phos-
phate glass shows anomalous behavior in both thermal 
expansion property and crystallization behavior, while 
binary barium phosphate glass exhibits normal response.

The main target of the present work is to character-
ize and compare bioactivity behavior of glasses from the 
two systems Na2O–CaF2–P2O5 or Na2O–CaO–P2O5 con-
taining dopants of (0.2% CuO) or (0.2% Ag2O). The work 
includes the measurements of photoluminescence and 
FT infrared spectra of the glasses and their correspond-
ing glass–ceramic derivatives. Further studies have been 
directed to investigate X-ray diffraction patterns and 
scanning electron microscopic images of the prepared 
glass–ceramics to identify the formed crystalline phases 
and their morphological textures and their variation after 
immersion in SBF for 2 weeks at 37 °C.

Some authors have investigated the bioactivity behav-
ior of Na2O–CaO–P2O5 glasses with and without dopants 
[17–19]. The results showed that the addition of 0.5 TiO2 
enhanced the bioactivity to a measurable extent in vivo 
study [18], and the addition of Ag2O to this glass demon-
strates an antibacterial effects [19].

2 � Experimental details

2.1 � Preparation of the glasses

The glasses were prepared from common purity grade 
chemicals including ammonium dihydrogen orthophos-
phate (NH4H2PO4), calcium carbonate (CaCO3), calcium flu-
oride (CaF2), sodium carbonate (Na2CO3) and the dopants 
as CuO, AgNO3 (for Ag2O).

The accurately weighed batches listed in Table  1 
(50 g total) were melted in covered porcelain crucibles 

at 1100 °C ± 100 °C for 60 min in SiC-heated furnace (Vec-
star, UK). The melts were rotated every 20 min to reach 
complete mixing and homogeneity. The homogenized 
melts were poured into warmed stainless steel molds 
with the dimensions required. The prepared glassy 
samples were transferred immediately to an annealing 
muffle regulated at 280 °C. The muffle was switched off 
after 1 h with the glasses inside and left to cool to room 
temperature at a rate of 30 °C/h.

For optical and PL measurements, samples with the 
dimensions (4 cm × 1 cm × 0.2) were prepared and for 
other measurements different sizes and powdered sam-
ples were prepared by careful grinding in agate mortar 
for IR disk technique.

2.2 � Preparation of the corresponding glass–
ceramics

The parent glasses were subjected to controlled heat 
treatment process with two-step regime. The glasses 
were first heated in a muffle furnace with a rate of 5 °C/
min to reach 300 °C and kept at this temperature for 12 h 
and then, the temperature of the muffle was raised to 
reach 380 °C and kept at this second temperature for 6 h. 
The muffle was then switched off and then left to cool to 
room temperature at a rate of 30 °C/h.

2.3 � Bioactivity measurements

In order to estimate the in vitro bioactivity test of the 
glass and glass–ceramic specimens, we used the SBF 
as proposed by Kokubo et  al. [20]. The Tris-buffered 
SBF composition is (Na+142.0, K+5.0, Mg2+1.5, Ca2+2.5, 
Cl−147.8, HCO3

−5.0, HPO4
2−1.0 and SO4

2−0.5 mol m−3). 
The specimens were vertically mounted on a nylon wire 
in polyethylene falcon test tubes containing 50 ml of 
SBF for 14 days at 37 ± 0.5 °C and pH = 7.2 ± 0.3, using 
HCl 0.1 N for pH adjustment. After the immersion time 
(2 weeks), the samples were gently rinsed with deionized 
water and acetone and dried in air at room temperature.

Table 1   Chemical composition 
of the prepared glasses

Sample P2O5 Na2O CaF2 CaO Ag2O CuO

1 61 27 12 – – –
2 61 27 12 – 0.2 –
3 61 27 12 – – 0.2
4 61 27 – 12 – –
5 61 27 – 12 0.2 –
6 61 27 – 12 – 0.2
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2.4 � X‑ray diffraction analysis

The identification of the crystalline phases formed dur-
ing controlled thermal heat treatment and formation of 
glass–ceramics was carried out by a diffractometer (Bruker 
Axs-CD8 Advance) with Cu–Ka radiation operating at 40 kV 
and 10 mA. The diffraction data collected for 2θ values 
between 10° and 70°, and the scanning speed was 2°/min.

2.5 � Fourier transform infrared absorption 
measurements

FTIR absorption spectra of the glasses and glass–ceramics 
were measured at room temperature in the wavenumber 
range 400–4000 cm−1, with a resolution of 2 cm−1 by FTIR 
spectrometer type (JASCO, 4600, Japan) using the KBr disk 
technique. Pulverized glass or glass–ceramic was mixed 
in a 1:1000 wt ratio with spectroscopic KBr. The mixture 
was then subjected to 5t cm−2 load in an evocable die to 
produce homogeneous clear disks. At least, two spectra 
for each sample were recorded. The spectrum of each 
sample was taken as the average of 30 scans, FTIR spec-
tra were corrected for the dark current noises and back-
ground using the two point baseline. The measurements 
were carried immediately to avoid moisture water attack 
to the powders.

2.6 � Scanning electron microscopic investigations

SEM measurements of the surfaces of glass–ceramics 
were carried out using an SEM apparatus model (Philips 
XL, 30) operating with accelerating voltage 30  kV. All 
glass–ceramic samples were coated with surface layer of 
Au for morphological studies.

2.7 � Optical absorption measurements

Optical (UV–visible) absorption measurements were 
carried out on equal thickness polished samples 
(2 mm ± 0.1 mm) using a recording spectrophotometer 
(type T 80 t, PG Instrument Ltd, England) covering the 
range from 200 to 1100 nm.

2.8 � Photoluminescence measurements

Photoluminescence measurements for the glasses and 
glass–ceramics were recorded at room temperature under 
the excitation wavelength of 266 nm for Ag2O, 380 nm for 
CuO in the spectral range 300–700 nm using a fluores-
cence spectrophotometer type JASCO, FP-6500, Japan) 
equipped with a xenon flash lamp as the excitation light 
source. The scan speed is 0.15 step-1 with a step length of 
0.2 nm and slit width 0.2 nm.

3 � Results

3.1 � X‑ray diffraction patterns of the glass–ceramic 
derivatives

Figure 1 depicts the XRD patterns data of the glass–ceram-
ics of the undoped and CuO- or Ag2O-doped glass–ceram-
ics from the system Na2O–CaF2–P2O5. The detailed identi-
fied crystalline phases are summarized as follows:

1.	 The undoped glass–ceramic shows four crystalline 
phosphate phases with the main phase of calcium 
phosphate (Ca3(PO4)2) with (32.3%) and with two 
sodium phosphates: the sodium phosphate hydrate 
Na3PO4(H2O)8 with (50.5%), sodium phosphate 
(NaPO3)6 with (14.2%) and sodium calcium fluoride 
phosphate Na2Ca4(PO4)3F with (3%).

2.	 The CuO-doped glass–ceramic reveals the same four 
crystalline phosphate phases as the undoped glass–
ceramic with the increase in the percent of calcium 
phosphate than the percent of the two sodium phos-
phates beside the mixed sodium calcium fluoride 
phosphate crystalline phase.

3.	 The Ag2O-doped glass–ceramic shows also the same 
four crystalline phosphates similar to the phases of the 
undoped glass–ceramic with the appearance of (Ag) 
ions beside the mixed sodium calcium fluoride phos-
phate crystalline phase.

Figure 2 reveals the XRD of the glass–ceramics of the 
undoped and CuO-or Ag2O-doped glass–ceramics from 
the system Na2O–CaO–P2O5.

Fig. 1   XRD of sodium calcium fluorophosphates glass–ceramics (a) 
undoped (b) CuO and (c) Ag2O
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The detailed identified crystalline phases are summa-
rized as follows:

(1)	 The undoped glass–ceramic shows the main crystal-
line phases consisting main sodium phosphate with 
secondary phase of sodium phosphate hydrate, while 
the calcium phosphate crystalline phase is the lowest 
percent.

(2)	 The two doped glass–ceramics reveal the appearance 
of sodium phosphate and calcium phosphate crystal-
line phases as two main phases, and the third sodium 
phosphate hydrate phase is the lowest percent beside 
the appearance of crystalline species of Ag or Cu.

3.2 � FT infrared absorption spectra of the glasses 
and glass ceramics before and after immersion

3.2.1 � FTIR spectra of the group (NaO–CaF2–P2O5) glasses 
and glass–ceramics

Figure  3a, b illustrates the FTIR spectra of the 
Na2O–CaF2–P2O5 glasses and glass–ceramics. The IR vibra-
tional spectral bands of the glasses are identified to be 
concentrated within the mid region (400–1650) cm−1 for 
all the samples.

The IR spectrum of the undoped glass reveals the fol-
lowing spectral details:

(a)	 The far-IR region shows four peaks at 402, 548, 711, 
740 cm−1.

(b)	 A very broad band extending from 850 to 1650 cm−1 
with seven connected peaks at 880, 1026, 1134, 1270, 
1390, 1457 and 1637 cm−1.

(c)	 The near-IR region shows two small peaks at 2840, 
2927 and followed by a broad and high intense band 
centered at 3437 cm−1.

The IR spectra of the two doped glasses reveal almost 
repetitive spectral vibrational bands, but the intensity of 
the peak at 1450 cm−1 decreases and becomes similar to 
the previous neighboring peaks at 1134 and 1270 cm−1.

The IR spectra of the glass–ceramic samples from the 
same system reveal almost the same vibrational bands as 
that for the parent glasses. But, the most important dif-
ference between the two spectra is the distinct decrease 
in the intensities of the peaks at 1450, 1640 cm−1 and the 
near-IR broad band around 3437 cm−1.

Fig. 2   XRD of sodium calcium phosphates glass–ceramics (a) 
undoped (b) CuO and (c) Ag2O

Fig. 3   FTIR absorption spectra of sodium fluorophosphates glass 
and their inverted glass ceramics before immersion (a) undoped (b) 
Ag2O and (c) CuO
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3.2.2 � FTIR spectra of the glasses and glass–ceramics 
from the glass system Na2O–CaO–P2O5

Figure 4 illustrates the FTIR spectra of the glasses and 
glass–ceramics from the system soda lime phosphate 
before immersion.

The IR spectrum of the undoped glass reveals 
condensed vibrational peaks within the mid range 
400–1650 cm−1 and with a small peak at 2924 cm−1 and a 
broad band in the near-IR region centered at 3432 cm−1. 
The detailed vibrational bands of the undoped glass (4a) 
are summarized as follows:

(a)	 A distinct and sharp far-IR band is recognized at 
513 cm−1.

(b)	 A medium two-split band is observed with peaks at 
745 and 765 cm−1.

(c)	 A composite connected band is identified to be 
extended from about 850 to 1400 cm−1 with five dis-
tinct peaks at 907, 1011, 1101, 1150 and 1288 cm−1.

(d)	 A separate small peak is identified at 1628 cm−1.
(e)	 A very small peak is observed within the near-IR 

region at 2926 cm−1 followed by a broad mid band 
centered at 3432 cm−1.

The two other doped glasses show nearly the same 
vibrational peaks, but reveal some differences in the 
intensities of the peaks in the region 900–1200 cm−1.

The IR spectra of the glass–ceramic samples also 
reveal condensed IR peaks within the region from 400 to 
1600 cm−1, but with distinct variations in the intensities 
of the mid region peaks with the change in the dopant 
oxide. The most characteristic feature of the IR spectra of 
the glass–ceramic samples is the distinctive appearance 
with high intensity of the bands at about 1460, 1640 and 
3430 cm−1.

3.2.3 � FTIR spectra of the glasses and glass–ceramics 
after immersion

The IR spectra of the group (1) after immersion appear 
(Fig. 5) concentrated or composite in the mid region 
(400–1600 cm−1) as before immersion but with few varia-
tions from that before immersion (Fig. 3) which are sum-
marized as follows:

1.	 The far-IR bands at about 520–550 and 715–728 cm−1 
remain distinct without any changes.

2.	 The mid peaks at about 890 and 980 cm−1 remain 
almost unchanged.

3.	 The mid peaks at about 1130 and 1265 cm−1 increase 
in their intensities in the glasses, but the first peak is 
highly increased in the two doped glass–ceramic sam-
ples.

4.	 The peak at 1450 cm−1 is almost disappeared.
5.	 The peak at about 1540 cm−1 decreases in intensity in 

the glasses and glass–ceramics.
6.	 The near-IR broad band highly decreases in intensity 

in all the glasses, but slightly decreases in the glass–
ceramic samples.

The IR spectra of the group (2) glasses or glass–ceram-
ics after immersion (Fig. 6) appear also composite as 
before immersion (Fig. 4) and the identified changes are 
summarized as follows:

Fig. 4   FTIR absorption spectra of sodium calcium phosphate glass 
and their inverted glass ceramics before immersion (a) undoped (b) 
Ag2O and (c) CuO
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1.	 The intensities of all the vibrational bands of the 
glasses are generally observed to decrease with 
immersion.

2.	 The far-IR bands at about 517 and 712 cm−1 remain 
almost distinct with very small decrease in intensity.

3.	 The bands at about 1130 and 1270 cm−1 are mostly 
remain persistent or distinct after immersion.

3.3 � Scanning electron microscopic investigations

Figure 7 illustrates the SEM images of the glass–ceramics 
of group (1) (Na2O–CaF2–P2O5) before and after immer-
sion. The various morphological features identified are 
summarized as follows:

1.	 The electron micrographs of the glass ceramics before 
immersion reveal different images including different 
shaped microcrystalline features for the undoped, Cu-
doped and Ag2O-doped samples. On the other hand, 
the images after immersion show in all glass ceramics 
rounded or nodular-shaped microcrystals, but some-
what different in their arrangements or intensity.

2.	 Before immersion, the undoped glass–ceramic shows 
acicular-shaped microcrystals within fine grained 
matrix. The CuO-doped glass–ceramic reveals mostly 
uniform grained texture. The Ag2O-doped glass–
ceramic shows mostly gathering of microcrystalline 
features of nodular shape with parts of uniform tex-
ture.

3.	 The glass–ceramic samples after immersion exhibit 
nodular-shaped microcrystals of moderate extent in 

Fig. 5   FTIR absorption spectra of sodium calcium fluorophos-
phates glass and their inverted glass ceramics after immersion (a) 
undoped (b) Ag2O and (c) CuO

Fig. 6   FTIR absorption spectra of sodium calcium phosphates glass 
and their inverted glass ceramics after immersion (a) undoped (b) 
Ag2O and (c) CuO
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the undoped glass–ceramic, but in the CuO-doped 
glass–ceramic the nodular structure is covering the 
most area of the micrograph and the same is evident 
in the Ag2O-doped glass–ceramic sample.

Figure 8 illustrates the SEM images of the glass–ceram-
ics of group (2) Na2O–CaO–P2O5 before and after immer-
sion. Careful comparison of Figs. 7 and 8 reveals nearly 

the same microfeatures or images and the glass–ceram-
ics before immersion exhibit almost the same different 
shaped microcrystalline features as in Fig. 7. The same 
nodular-shaped collections or microcrystalline phases 
are present in the micrograph images of CuO- and 
Ag2O-doped glass–ceramics after immersion.

Fig. 7   SEM of the inverted sodium calcium fluorophosphates glass–ceramics a before immersion and b after immersion
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3.4 � Optical absorption spectra of the studied 
glasses

3.4.1 � Optical absorption spectra of the Na2O–CaF2–P2O5 
glasses

Figure 9a illustrates the optical absorption spectra of the 
primary undoped glass and that for samples containing 

0.2% Ag2O or 0.2% CuO.
The spectrum of the undoped glass shows strong and 

wide absorption extending from 200 to about 350 nm 
with a broad peak centered at about 250 nm without any 
further absorption up to 1100 nm. The spectrum of the 
0.2% Ag2O-doped sample reveals very close absorption to 
that of the undoped glass in the UV region, but with lower 
spectral curve afterward.

Fig. 8   SEM of the inverted sodium calcium phosphates glass–ceramics a before immersion and b after immersion
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The glass containing 0.2% CuO shows strong UV absorp-
tion with higher intensity than that of the undoped sam-
ple and with two identified peaks at 240 and 312 nm and 
followed by a very broad visible–near-IR band extending 
from about 600 to 1100 nm with a central peak at 830 nm.

3.4.2 � Optical absorption spectra of the Na2O–CaO–P2O5 
glasses

Figure 9b illustrates the optical spectra of both the primary 
glass and samples containing 0.2% Ag2O or 0.2% CuO. The 
spectrum of the undoped glass consists of strong UV and 
broad absorption with two peaks at about 250 and 310 nm 
but with no further identified peaks to the rest of measure-
ment. The Ag2O-doped glass shows strong UV absorption 
with higher intensity than that of the undoped glass and 
revealing a central peak at ~ 250 nm.

The spectrum of the CuO-doped sample reveals higher 
UV absorption as the Ag2O-doped sample with two peaks 
at 243 and 310 nm and with a broad visible–near-IR band 
extending from 550 to 1100 nm and centered at 810 nm.

3.5 � Photoluminescence spectra of the two doped 
glasses

Figure 10a shows the PL spectra of the CuO-doped glass 
of the Na2O–CaF2–P2O5 system and its corresponding 
glass–ceramic. The glass reveals three connected peaks at 
413, 463 and 500 nm, while the glass–ceramic shows two 
higher intensities peaks at 413 and 463 and two curvatures 
at the right lobe.

Figure 10b illustrates the PL spectra of the Ag2O-doped 
Na2O–CaF2–P2O5 glass and its glass–ceramic derivative. 
The spectrum shows a broad band extending from 300 to 
600 nm with a peak at 400 nm and the glass–ceramic sam-
ple shows a distinctly higher intensity broad band with a 
peak at 400 nm.

Fig. 9   UV–visible absorption spectra of undoped and Ag2O or CuO-
doped a sodium calcium fluorophosphate and b sodium calcium 
phosphate glasses

Fig. 10   Photoluminescence spectra of a CuO-doped and b 
Ag2O-doped sodium calcium fluorophosphates glasses and their 
inverted glass–ceramics
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Figure 11a reveals the PL spectra of the CuO-doped 
Na2O–CaO–P2O5 glass and its glass–ceramic derivative. 
The glass shows four connected peaks at 410, 461, 500 and 
550 nm, and the glass–ceramic reveals nearly the same 
peaks with higher intensity to all the peaks.

Figure 11b illustrates the PL spectra of the Ag2O-doped 
Na2O–CaO–P2O5 glass and its glass–ceramic derivative. 
The PL spectrum of the glass shows a very broad band 
with maximum at 394 nm and the glass–ceramic deriva-
tive exhibits a broad band with higher intensity than that 
of the glass with its peak the same at 394 nm.

4 � Discussion

4.1 � Interpretation of the X‑ray diffraction data

The X-ray diffraction patterns shown in Figs. 1and 2 indi-
cate the separation or formation of three main crystalline 
phosphate phases, namely two phases of sodium phos-
phate hydrate and sodium phosphate beside the calcium 
phosphate crystalline phase and in the case of CaF2, a 

fourth phase of sodium calcium fluoride phosphate is 
identified. The introduction of dopants (CuO or Ag2O) is 
observed to change the percent of the three main crystal-
line phases in addition to a sharing of this dopant as an 
additional crystalline phase. The previous X-ray data can 
be interpreted on the following basis:

(a)	 It is expected that the type and number of formed 
crystalline phases upon controlled thermal heat-
treatment regime depend on the detailed chemical 
composition of the base host glass with all its differ-
ent constituents and on condition of heat treatment 
[21, 22].

(b)	 The chemical composition of the base glass contains 
P2O5 (61%) beside Na2O (27%), CaO (12%) or CaF2 
(12%). These mentioned constituents indicate that 
the formed crystalline phases are naturally of sodium 
phosphate and calcium phosphate in accordance 
with the specific studied chemical composition or 
even with the formation of mixed sodium calcium 
fluoride phosphate.

(c)	 The obvious ease and voluminous crystallization 
behavior of the base glass can be related to be due 
to the presence of high percent of phosphorous (P5+) 
ions and appreciable calcium (Ca2+) ions. McMillan 
[21] previously assumed that the presence of phos-
phorous ions even in few percent in glass initiates the 
formation of phase separation and this situation is 
highly distinguished for the voluminous and ease of 
crystallization of Hench’s Bioglass being contains 6% 
P2O5 which acts as efficient nucleating agent lead-
ing to the formation of soda lime silicate crystalline 
phases. Hudon and Baker [23] also, reached the con-
clusion that the presence of Ca2+ ions promotes the 
phase separation and subsequent crystallization of 
glasses.

4.2 � Interpretation of the FTIR spectra of the studied 
glasses and glass–ceramics

The FTIR spectra shown in Figs. 3 and 4 are interpreted on 
the following basis [24–28]:

(1)	 The infrared vibrational bands are expected to 
depend on the composition of the base host glass 
which comprises solely of single basic glass-forming 
units of phosphate groups in accordance with the 
presence of 61% P2O5. This denotes the dual main 
presence of both Q2 and Q3 units of phosphate 
groups. The vibrational bands are accepted to be 
finger prints of the structural building phosphate 
groups of the studied glasses and comparable to 
similar groups in crystalline analogues.

Fig. 11   Photoluminescence spectra of a CuO-doped and b Ag2O 
doped sodium calcium phosphate glasses and their inverted glass–
ceramics
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(2)	 The distinct far-IR peaks at (400–550) cm−1 are related 
to bending vibrations of O–P–O units, (PO2) modes of 
metaphosphate units.

(3)	 The peak at 711 cm−1 can be attributed to symmetric 
stretching vibrations of the P–O–P linkages.

(4)	 The peaks within the range 880–1134 cm−1 can be 
related to vibrations due to asymmetric stretching of 
P–O–P groups.

(5)	 The peaks within the range 1270–1390 cm−1 can be 
attributed to PO2 asymmetric stretching of the dou-
bly bonded vibrations (P=O) modes.

(6)	 The peak at 1457 cm−1 can be related to vibrations 
from many phosphate groups (pyrophosphate) or 
sharing of vibrations of carbonate groups.

(7)	 The peak at 1637 cm−1 is related to vibrations of OH, 
water or P–OH bridges.

(8)	 The near-IR peaks at 2840 and 2927 cm−1, and the 
broad band centered at 3437 cm−1 are correlated with 
vibrations of water, OH, POH.

4.3 � Interpretation of the FTIR spectra 
after immersion

The examinations of IR spectra after immersion (Figs. 5, 
6) and their comparison with similar IR data for the same 
glasses before immersion (Figs. 3, 4) indicate that the 
whole IR spectra in Figs. 5 and 6 are obviously simplified 
and the gathering of multi-vibrational bands is reduced. 
The most important spectral features of the IR spectra of 
the glasses and glass–ceramics after immersion are three 
points:

(1)	 The persistence of far-IR bands at about (517–550) 
and (710–735) cm−1 with the first band more promi-
nent.

(2)	 The resolution or the increase in the intensity of the 
band at about (1113–1150) cm−1 to become highly 
distinctive than the other neighboring mid bands.

(3)	 The near-IR band around 3425 cm−1 becomes con-
stant in intensity of both the glasses and glass–
ceramics and for the two varieties of glasses (CaF2 or 
CaO).

The previous mentioned changes in the FTIR spectra 
can be explained as follows:

(a)	 The simplicity or uniformity of the spectra indicates 
that the immersion involves uniform corrosion or dis-
solution processes, which are characteristics for reac-
tion accompanied with ease of dissolution between 
alkali and alkaline earth phosphate glasses and aque-
ous solutions [9, 29, 30].

(b)	 The increase in intensity of the band around 
1150  cm−1 is related to the appearance of bands 
which are related to the corrosion process involv-
ing the formation of P–OH instead of P–Na or similar 
groups.

(c)	 The persistence or appearance of the two far-IR bands 
at about 550 and 720 cm−1 can be correlated with the 
formation of calcium phosphate during the corrosion 
or dissolution process, and these two bands are the 
accepted characteristic bands for hydroxyapatite [8, 
9].

4.4 � Interpretation of the scanning electron 
microscopic data

The SEM images shown in Figs.  7 and 8 indicate the 
appearance of several structural microcrystalline phos-
phate phases within the textures of the glass–ceramics 
for the two types of systems containing CaF2 or CaO. The 
first group of glass–ceramic reveals numerous small dif-
ferent crystalline phases with various shapes in the base 
undoped glass–ceramic and with the doped samples, with 
CuO-doped glass–ceramic uniform texture is identified 
while with Ag2O-doped glass–ceramic gathering of small 
microcrystals are identified. All the glass–ceramics after 
immersion show rounded or nodular-shaped microcrys-
tals and are more intense in the doped glasses indicating 
that the dopants CuO and Ag2O initiate the bioactivity and 
formation of hydroxyapatite.

The second series of glass–ceramics reveals circular-
shaped microcrystals with some grained textures. Also, the 
glass–ceramic samples after immersion show rounded or 
nodular-shaped microcrystals which are more identified 
in the doped samples.

The previous SEM images agree with both the X-ray 
data and FTIR data after immersion. The different shaped 
microcrystalline texture of the glass–ceramics before 
immersion is correlated with the formation of three 
crystalline phosphate phases with different percents as 
revealed in the X-ray data. The appearance of rounded 
or nodular-shaped microcrystals after immersion of the 
glass–ceramics is in complete agreement with the appear-
ance of the far-IR bands at about 550 and 730 cm−1 in the 
glass–ceramics after immersion, which are known to be 
characteristic features for the hydroxyapatite formation [8, 
9] and hence positive indication of distinctive bioactivity 
behavior.

4.5 � Interpretation of the optical absorption spectra 
of the studied glasses

The optical spectra shown in Fig. 9 reveal the appear-
ance of strong and broad UV absorption in the two glass 
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systems either in the undoped base or with both the Ag2O- 
and CuO-doped glasses. Such strong UV absorption is 
attributed to originate from the presence of trace ferric 
ions which are present contaminated as trace impurity 
in the chemicals used for the preparation of the studied 
phosphate glasses. The previous assumption is based on 
previous derivations by some authors [31, 32] and sup-
ported through recent contributions from extended stud-
ies by Ehrt [4] and Möncke [5].

The identification of one or two peaks within the UV 
spectra of the undoped glasses and Ag2O- and CuO-doped 
glasses is assumed to be related to the percent of trace fer-
ric impurities. The Ag2O-doped glasses show no additional 
absorption bands in the rest of their spectra.

On the other hand, the CuO-doped glasses in the two 
systems show a very broad visible–near-IR band centered 
at 810–830 nm. This specific broad band is agreed to be 
due to the absorption of Cu2+ ions in distorted octahe-
dral coordination [33–35]. The broadness and asymmetry 
of the identified broad band due to divalent copper ions 
can be assumed to be due to splitting of a low-symmetry 
ligand field component [34, 35], and Paul [12] assumed 
that the comparison of the spectra of copper complexes 
indicated that this broad band is virtually made of up to 
four overlapping bands which explain the extension of this 
absorption to wide visible–near-IR region.

4.6 � Interpretation of the photoluminescence 
spectra

Figures 10 and 11 indicate that the PL spectra of CuO-
doped glasses of both CaF2 and CaO types show two 
main distinct peaks for both the glass and glass–ceramic 
at (410–413) nm and (461–463) nm. These two visible exci-
tation peaks are assumed by several authors [36, 37] to be 
related to characteristic PL spectra of Cu2+ ions.

This assumption is in conformity of the present optical 
data which show the appearance of only one broad (vis-
ible–near-IR) band which has been attributed to distorted 
octahedral coordinated Cu2+ ions.

There are no distinct variations between the positions 
of the PL peaks for the two varieties of glasses except 
minor variations, and the intensities of the glass–ceramic 
samples are higher than their parent glasses. This may 
be due to the compact structure with definite crystallo-
graphic units in the glass–ceramic derivatives.

The same Figs. 10 and 11 reveal the PL spectra of Ag-
doped glasses of both varieties of glasses with an iden-
tified peak for the two glasses which occurs at 400 and 
394 nm for CaF2 and CaO, respectively.

The observed single PL peak for both varieties of glasses 
can be related to be characteristic feature of PL spectra 
due to the Ag+ ions present in the glass. The present 

optical spectra of these two glasses containing Ag2O did 
not show any additional UV or visible bands except that UV 
broad absorption for trace ferric ions present as impurities.

Maurel et al. [38] have identified extra peaks in the spec-
tra of silver zinc phosphate glasses following different irra-
diations (electron, gamma, laser). Also, the optical spectra 
did not show the plasmon visible band which is assumed 
to be of some aggregates or collections of cluster of AgO 
or any other form as have been cited by some authors [39].

5 � Conclusion

Phosphate glasses from the two systems Na2O–CaO–P2O5 
and Na2O–CaF3–P2O5 doped with 0.2% of CuO or Ag2O 
were prepared. Their glass–ceramics derivatives were also 
prepared through two-step regime. Bioactivity behavior of 
the glasses and glass–ceramics was investigated by FTIR 
and SEM measurements. The results indicate the appear-
ance of the two far-IR peaks and the rounded or globular-
shaped crystalline features which are true indication of 
the generation of hydroxyapatite giving an indication of 
bioactivity to the two phosphate systems. X-ray diffraction 
patterns indicate the formation of various crystalline phos-
phate phases in accordance with the composition of the 
parent glass. Additional optical and photoluminescence 
spectral measurements indicate that these types of fluo-
rophosphates glasses possess optical characteristic to be 
considered as valuable candidate for optical applications. 
In conclusion, the fluorophosphates glasses can be recom-
mended to act as both biomaterial and optical candidates.
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