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Abstract

The effects of SiO, and K,O were investigated on the glass forming ability (GFA) and structural characteristics of CaO-TiO,—P,05 system.
Differential thermal analyzer (DTA), X-ray diffraction (XRD), scanning electron microscopy (SEM), FT-IR and 3p magic angle spinning NMR

methods were applied for characterizations of the system.

Unwanted crystallization in the initial three components base glass composition was observed by adding SiO, and crystalline phases such as

TiP,0O5, rutile (TiO,) and cristobalite (SiO,) were formed in it.

The results showed that K,O prevents crystallization of glasses and promotes the formation of glass. FT-IR and X-ray diffraction showed that
the addition of K,O caused the formation of phosphate—silicate network as P-O-Si, and formation of isolated droplet phases (rich of Si and P)

separated from the phosphate matrix.

The optimum amounts of SiO, and K,O in phosphate structure were respectively 6 and 2 wt.%, 0 in accordance with glass forming ability
(GFA) parameters. Despite addition of SiO, along with K»O; the >'P MAS NMR and infrared spectrums of glasses show that no Q7 sites were in the
phosphate network. The Q' and the pyrophosphate groups was the predominant structural unit in these glasses.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Phosphate glasses have recently been considered for many
applications due to a series of attractive properties such as low
glass transition and melting temperatures, high thermal
expansion coefficient, biocompatibility, low dispersion and
high refractive indices, which recommend them in many
applications such as, photonics, fast ion conductors [1-4], glass
to metal seals [5,6], self-cleaning ability for NH; gas adsorption
[7], and most recently biomedical engineering [8]. The studied
have clarified that these applications require the optimization of
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phosphate-based glasses property that is achievable by tuning
their composition and structure.

The glass forming regions in the CaO-TiO,—P,05 system was
investigated by Akira Kishioka [9]. He has claimed glass-forming
inthis systemis fundamentally limited [10]. In 1989, Hosono et al.
introduced a new phosphate based glass—ceramic in the CaO-
TiO,—P,05 system which composed of B-Ca; (PO,), and CaTiy
(POy4)6 phases [10]. In 1990s, they adjusted the glass system
(CaO-TiO,-P,05) by addition of Li,O, and Ag” ions to the
system through applying ion-exchange process to obtain suitable
electrical conductivity [1,2] and antibacterial characteristic
[11,12]. Afterward, accomplished more investigation of electrical
conductivity in this system and modified system with replacing of
CaO by Li,O [3,4]. Effect of ZrO, addition on crystallization
behavior, porosity and chemical-mechanical properties of a
CaO-TiO,—P,0s micro-porous glass ceramic was also investi-
gated [13]. Banijamali et al. improved glass forming ability of
CaO-TiO,—P,0s5 system with Al,O3 addition [14].
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Structural characterization of the additives in CaO-TiO,—
P,Os system has not extensively been studied. Recently,
structural characterization of the effect of TiO, in CaO-TiO,—
P,Os5 system has investigated by Silva et al. [15] and Lucacel
et al. [5]. Gradually increasing of TiO, content in the calcium-
phosphate glass matrix causes a slow depolymerization of the
infinite metaphosphate chains [15]. A progressive depolymer-
ization of the phosphate glass network occurs as TiO, content
increases but the cohesion of glass structure increases due to the
replacing of P-O-P bonds by Ti—-O-P bonds [15].

The aim of the present study is to understand the effect of
Si0, and K,0 in glass structure in the CaO-TiO,—P,05 system.

2. Experimental procedure

The chemical composition of the base glass was
9Ca0-5Ti0,-6P,0s5, for which the oxides compositions and
samples code are listed in Table 1. The starting materials were
reagent grade of CaCOs;, TiO,, H;PO,4 (85%), Si0, and K,COs;.
After adding water, the mixture was well stirred to make the
homogeneous slurry. The slurry was dried at about 110 °C for
approximately 16 h. The batches were melted in alumina
crucibles at 1450 °C for 1 h under an ambient atmosphere
inside of an electric furnace. The melts were poured into a
preheated carbon mould. The glass specimens then were
annealed at 600 °C for 2 h and allowed to cool down in the
furnace.

In order to determine the crystallization temperature and to
evaluate crystallization mechanism, differential thermal ana-
lysis (DTA) was performed on the glass specimens (Netzsch
STA 409 PC Luxx) using samples.

Phase identification of the samples was performed by X-ray
diffraction (XRD) analysis using a STOE STADI MP
diffractometer with Cu-K, radiation (A = 1.54 A), operating
at 40 kV and 30 mA. The monitoring was carried out in the
260 range of 10-90°. After polishing and etching, the samples
were coated with a thin film of gold and studied with SEM
(Vega-Tescan).

The FT-IR spectra of the glasses were obtained in the
400-4000 cm ™" spectral range with a spectrometer at room
temperature (Thermo Nicolet Nexus 870 FT-IR). The IR
spectra measurements were done using the KBr pellet
technique.

3P MAS NMR spectra of the glass powders were recorded
using a NMR spectrometer (Bruker, Avance 500, operating at

202.4461871 MHz with 45° pulses, spinning rates of 10 kHz, a
45 s recycles delay) and the chemical shift was quoted in ppm
from phosphoric acid (85%).

3. Results

The experimental results showed that the base glass (SO
sample) required a rapid quenching; otherwise it would
extensively be crystallized. This behavior was related to its
limited glass forming ability (GFA).

3.1. DTA analysis

Fig. 1 depicts the DTA thermographs of the glasses with
particle range of 0.5-0.6 mm. The DTA results show that GFA

Table 1

Chemical composition of the investigated glasses (weight ratio).

Sample CaO TiO, P,0s5 Si0, K,O0
SO 28.74 22.75 48.51 0 0
S3 28.74 22.75 48.51 3 0
S6 28.74 22.75 48.51 6 0
S10 28.74 22.75 48.51 10 0
S3K2 28.74 22.75 48.51 3 2
S6K2 28.74 22.75 48.51 [§ 2
S10K2 28.74 22.75 48.51 10 2
S14K2 28.74 22.75 48.51 14 2
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Fig. 1. DTA curves of some investigated glasses.
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Table 2

The calculated thermal parameter of samples.

Sample T, (°C) Tx (°C) T, (°C) Ky T, =T/T) Tx/Th ATx =Tx — T, (°C) y=Tx/(Ty+T) ATy, =(T) — Tx)
SO 673 885 1140 0.8313 0.5903 0.7763 212 0.4881 255

S3K2 665 762 1234 0.2055 0.5389 0.6175 97 0.4013 472

S6K2 668 841 1215 0.4625 0.5498 0.6922 173 0.4466 374

S10K2 670 765 1238 0.2008 0.5412 0.6179 95 0.4009 473

S14K2 668 764 1220 0.2105 0.5475 0.6262 96 0.4047 456

of SO sample is worsened with SiOj; but it seems that GFA of
silica samples improves with the addition of K,O, whose details
will be mentioned later in the XRD analysis.

Furthermore, the glass transition temperature (7,) remained
almost constant; with increasing of SiO, content however, the
behavior of the last endothermic peak, which shows the liquidus
temperature (77) of glass in each sample is different. It is
obvious that the liquidus temperature has been increased with
Si0O, but its deepness has been decreased; as compared with
Si0,-free specimen. The results showed that S6K2 specimen
had the least liquidus temperature and deepness of the all.

There are several parameters regarding glass forming
stability on heating. The various thermal parameters which
used to evaluate the glass forming ability are shown in Table 2,
where ATx, Ty, Tx, Ty, Ts, and Ky are respectively the
temperature interval between the glass transition temperature,
the crystallization temperature, the liquidus temperature, the
reduced glass transition temperature and the Hruby parameter
[16,17]. Two crystallization peak temperatures were detected
(Tx; and T») in the DTA profiles of SO and S3K2 samples. The
mean value of them was reported as T.

Based on the data presented in Table 2, the parameters Tx/7},
T, (=T/T)) and y (=Tx/(T + T))) in different samples showed
only a slight change in the measured values, suggesting that the
parameters Ky (=(Tx — T)/(Ty — Tx)), ATx and AT,
(=T, — Tx) are more sensitive in the GFA evaluation.

Crystallization mechanism of glasses was determined using
DTA profiles of coarse (0.5-0.6 mm) and fine glass particles
(<45 ). Considerable shift in the crystallization peak
temperatures was observed in the DTA profiles which are
presented in Table 3.

According to Table 3, the temperature difference of the two
exothermic peaks of SO sample is equal to 45 °C, indicates that
the surface crystallization has been accrued in the glass.

Table 3
Dependence of peaks crystallization temperature (A7) to the particle size of
glasses.

Sample Mesh size Tx (°C) T (°C)

SO 325 787 45
30-35 832

S3K2 325 736 26
30-35 762

S6K2 325 764 13
30-35 777

S10K2 325 736 29
30-35 765

Besides, the crystallization temperature difference of the two
glass particle sizes of SiO, and K,O bearing glass decreases
with increasing of SiO,. It seems that the nucleation behavior of
the glasses has changed; and surface devitrification has been
modified to bulk devitrification. This trend is more obvious in
S6K2 samples.

3.2. XRD analysis

In except of the glass SO, the other glasses were opaque;
therefore, in order to confirm the amorphous nature of them,
their XRD patterns were analyzed. The XRD results showed
that the addition of SiO, caused the crystallization of the
base glass (SO sample as shown in Fig. 2). The intensity of
peaks rise with the increase of the SiO, content; but XRD
pattern of the samples with both SiO, and K,O, and annealed at
600 °C, do not exhibit any sharp peaks, which is an indication
of amorphous state; as shown in Fig. 3.

3.3. Infrared spectroscopy

FT-IR spectra of glasses in the frequency range between 400
and 4000 cm " are shown in Fig. 4. All the glasses had similar
IR spectra. The largest intensity for the IR lines is at 900-
1300 cm™ ' as shown in Fig. 4. The graph consisted of three
peaks corresponding to stretching vibration of P-O-P linkages
on Q' and Q? units, which indicate a large number of
pyrophosphate groups and a few metaphosphate groups in the
network of these glasses.

The network connectivity is conventionally expressed as Q"
units, where Q and » represent the tetrahedral structural unit

C: Cristobalite
R : Rutile
PC:CayPo,),
PS:SifPO,),
PT:TiPO,

Intensity (a.u.)

S$10

26 (degree)

Fig. 2. XRD of annealed S3, S6, S10 samples.
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Fig. 3. XRD of annealed SO, S3K2, S6K2, S10K2 samples at 600 °C.

and the number of bridging oxygen per tetrahedron;
respectively. For phosphor—oxygen networks, n varies between
0 and 3, where, Q? presents a pure P,Os structure corresponding
to the absence of network modifiers; in which tetrahedra form a
cross-linked network. Q® forms chains or rings, and Q' forms
terminal anions, which are intermediate structures, and finally,
Q0 represents forms of isolated anions (PO43 7). These glasses
are defined as ultraphosphates, metaphosphates (P,0g> "),
pyrophosphate (P,O,*7), and orthophosphates, respectively
[18-20].

With adding of SiO,, two new bands were observed at
500 cm ™' and 540 cm ™', The first one can be related to the
Si—-O-Si bending vibration, which indicates that a silicate
network has been formed [21]. The appearance of an incipient
Si—O-Si in the FT-IR spectra suggests that silicate groups can
be present in a crystal-like environment. The second one may
be assigned to frequencies of asymmetric bending vibration of
(PO,*7) [5,19-24]. The only band at 806 cm ™" in S10 sample
may be attributed to symmetrical bond-stretching vibration of
the Si—O-Si [25].

The data indicated that the intensity of the band at 500 cm™
was increased with SiO, content (up to 10%). When K,O was
added, it was decreased, but the increase of intensity was again
observed with SiO, content. The intensity of P-O-P bending
bond was also decreased and the band attributing to (PO43 D)
was disappeared. The intensity of O=P-O peak almost becomes
extinct with the increase of SiO, concentration. The band
positions and their assigned chemical bonds are summarized in
Table 4.

The observed bands at high frequencies’ (1650-1658 cm™ ")
can be assigned to the different role of H,O molecule in the
structure. It is possible to assume that, the samples absorbed
atmospheric moisture or during the preparation of KBr pellets
for IR measurements, causing the appearance of IR band of
H,0O molecule [26,27].

1

3.4. 3'P MAS NMR

The *'P MAS NMR spectra of samples and the list of the
resonance chemical shifts are shown in Fig. 5 and Table 5. In
agreement with IR results, the NMR spectra show narrow and
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Fig. 4. FT-IR spectra for CaO-TiO,—P,05:xSi0,-2% K,O glasses.

broad resonance lines of Q°, Q1 and Q? groups. In SO sample,
two resonances can be observed. The broad resonances
centered on —12.5 and —33.1 ppm, which are the indication
of amorphous environment around the P atoms. The resonance
at —12.5 ppm can be assigned to Q' units and other can be
attributing to Q* groups. The mentioned signals indicate that
the Q units exist at the base glass but Q' units are completely
major component in the SO sample.

Not only, the line width of peaks is changed and become
narrower but also Q' and Q7 units are disappeared with the
introduction of SiO,. It seems to us that the appearance of
narrow resonances with a chemical shift of 10.2-15.6 ppm and
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Table 4
The band positions and their assigned chemical bonds of glasses.
Samples Band position in cm ™! Chemical bonds Band position in cm ™! Chemical bonds
SO 566 § (P-O-P) 937 v (P-O-P)ysym
655 O=P-0, P-O-Ti 1140 v (P-O-P)ysym
750 v (P-O-P)yym, 1254 v (P-O-P)ysym
1654 H,O
S3 500 8 (Si—0-Si) 937 v (P-O-P)yym
540 POS) 950 Si-O-Ti
566 Ti—O-Si 1140 v (P-O-P)yym
750 TiP,0O, 1656 H,O
S6 490 8 (Si—0O-Si) 937 U (P-O-P)aym
540 (PO, 950 Si-O-Ti
566 Ti—O-Si 1140 v (P-O-P)ysym
750 TiP,0O, 1658 H,0
S10 490 § (Si—O-Si) 937 v (P-O-P)ysym
540 (PO 950 Si—O-Ti
566 Ti—O-Si 1120 v (8i-O-S1)45ym
630 v (Ti—O-Ti)sym 1140 v (P-O-P)ysym
750 TiP,0O, 1654 H,O
806 v (Si—O-Si)gym
S3K2 566 Ti-O-Si 937 v (P-O-P)yym
655 P-O-Ti 950 Si—O-Ti
750 v (P-O-P)yym, 1140 v (P-O-P)y5ym
1650 H,O
S6K2 490 8 (Si—0O-Si) 937 v (P-O-P)ysym
566 Ti—O-Si 950 Si-O-Ti
655 P-O-Si 1140 v (P-O-P)ysym
750 v (P-O-P)gym 1651 H,O
S10K2 495 8 (Si—O-Si) 937 U (P-O-P)yym
566 Ti—O-Si 950 Si-O-Ti
655 P-O-Si 1140 v (P-O-P)ysym
750 v (P-O-P)gym, 1657 H,O
S14K2 470 8 (Si—0O-Si) 937 v (P-O-P)ysym
566 Ti—O-Si 950 Si—O-Ti
655 P-O-Si 1140 v (P-O-P)y5ym
750 v (P-O-P)yy, 1651 H,O

with an approximate constant line width can be as an indicative
of phosphorus in an orthophosphate environment (PO4> ). That
is in good agreement with previous reports [28,29].

The sharp signals are vanished with adding of K,O and new
broad peaks are appeared at the range of —9.3 to —13.2 ppm,
which are assigned to Q" units.

Table 5
Position of Q" species for glass samples.

Sample Phosphate unit
Q" (ppm) Q' (ppm) Q” (ppm)

SO - —12.5 -33.1

S3 +10.2 - -

S6 +12.4 - -

S10 +15.6 - -
S3K2 - -93 -
S6K2 - —13.2 -
S10K2 - 115 _
S14K2 - —10.7 —

3.5. Microstructural evaluation

SEM microphotographs of S3K2 (a), S6K2 (b) and S14K2
(c) samples are presented in Fig. 6. It appears that with the
introduction of K,O to the system phase separation has
reduced. K,O in S3K2 has caused the formation of Ti and P rich
regions. EDX patterns presented in Fig. 6 show Si rich droplet
regions in the phosphate matrix phase in S6K2 and S14K2
samples.

The peaks intensity of Si and P in EDX pattern of Fig. 6
indicates that with the increase of SiO, not only the peak
intensity of Si to P is raised but also the numbers of Si and P rich
regions are increased.

4. Discussion
4.1. System of TiO,—CaO-P,05 glass

In the IR spectrum for the base glass (SO), bands are
observed at 566, 655, 750, 937, 1140 and 1254 cm~!. The IR
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Fig. 5. *'P MAS NMR spectra of the samples.

band at 750 cm ™' is attributed to the symmetric of P-O-P
bridging oxygen stretching mode vibration bond, in Q' units.
This is in accordance with the presence of pyrophosphate
groups. The pyrophosphate group (P,O,*") contains only a
single P-O-P linkage and correspondingly exhibits only one
band near 700 cm™! [18]. The IR bands at 1254 cm ! s
assigned to the asymmetric stretching mode of non-bridging
oxygen atoms bonded to phosphorus atoms, the P-O-P, in the
phosphate tetrahedra, in Q2 units. In other words, the
1254 cm™ ! band is attributed to (PO,), units, in the phosphate
tetrahedral of the metaphosphate units. Thus, the SO glass is
based on (P2062_) or (P2074_) groups.

The bands at 937 and 1140 cm ™' are due to the asymmetric
stretching vibration of P-O-P linkages in Q' units; these
observations are in accordance with other papers [5,18,26,30].

The band at 566 cm ™' may be attributed to the deformation
modes of phosphate tetrahedral and the vibrations of the cation
oxygen polyhedron to form of P-O-P bond bending vibration
[22]. The band at 655cm ' is assigned to bond-bending
vibration of O=P-O [21]. The band at 655cm™' is also

attributed to the vibrations of Ti—O bonds in the deformed
octahedral or TiOg¢ [15,18,23].

In the spectrum of sample SO (Fig. 4), the band due to TiOg
structural units seem to be merged with symmetric stretching
vibration of P-O-P bond indicating possible linkages of the
type P—-O-Ti, in the network that observed by several authors
[15,18,23]. This is explained by the break of P=0O bonds in
metaphosphates (P20627) and the formation of P-O-Ti bonds
in pyrophosphate units, which are in accordance with The *'P
MAS NMR spectra of SO sample (Fig. 5).

In agreement with IR results, the *'"P MAS NMR spectra of
SO showed only Q' and Q? groups with broad resonances,
which are indicative of amorphous environment around the P
atoms. Thus, the >'P MAS NMR and infrared spectrums of the
SO glass show that the pyrophosphate group is the predominant
structural unit in this glass.

4.2. Effect of SiO, on TiO,—CaO—P,05 system

In the SiO, containing glasses the systematic change in the
IR spectra and development of new peaks at low and mid
frequency regions, gives more information about the structural
change (as shown in Fig. 4).

As shown in Fig. 2, TiP,O; phase is formed in S3, S6 and
S10 samples containing SiO,. The band vibrations of TiO, units
were found to be active in the IR spectrum in the 770 and
370 cm ™. Krishna et al. have assigned the 740 cm™' band to
Ti—O-Ti symmetric stretching vibrations of TiO,4 units [23].
Based on the literature survey [18-23,30], and the vibration of
(P,O0,*) groups in the near 700 cm~' band, it seems
reasonable to attribute the band at about 750 cm™' to the
common vibrations of TiP,O5 structural units in the S3, S6 and
S10 samples as detected in the XRD pattern (Fig. 2).

As indicate earlier, besides two new band at 500 cm~ ! and
540 cm ™', new band was appeared in the mid frequency region
at 950 cm ' in SiO, containing glasses (Fig. 4). The intensity of
this band increases with increasing SiO, content. Gorlich et al.
and Uma et al. have assigned the bands at the 950 cm ™' to the
possible mode of Si—O-Ti bond. So the band observed at
950 cm ™' in S3, S6 and S10 specimens might be due to
asymmetrical bond stretching vibrations of the ‘‘dangling
ends” attribute to Si—O~ (the non-bridging oxygen in the
[SiQ4] tetrahedra) in the Si—O-Ti bond [25,31]. The band
intensity of Si—O-Ti bonding could be considered as a degree of
Ti inclusion ions in silica structure.

According to Fig. 4, with increasing of SiO, from 6% to
10%, a new weak band appears at 630 cm ™' in S10 sample.
This band can be ascribed to Ti-O~ (the bridging oxygen
between two [TiO4] tetrahedra) symmetrical bond stretching
vibration in Ti—-O-Ti. The appearance of this band in the FT-IR
spectra may be as an indication of the formation of titanium
oxide network (formation of rutile in Fig. 2).

The data indicates that the intensity of 566 cm™' band
decrease, with the addition of SiO, to the base glass (SO
sample). However, in S3, S6 and S10 specimens, it was
increased with silica contents from 3% to 10%. The band at
566 cm™' can be assigned to symmetrical bond stretching
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Fig. 6. SEM microphotograph and EDX of S3K2 (a), S6K2 (b) and S14K2 (c) samples.
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vibration of the Ti—-O™ (the non-bridging oxygen in the [TiO4]
tetrahedra) in Ti—O-Si [25]. The intensity of the band for Ti—O-
Si bonding can be considered as a sign of degrees of the
inclusion of silicon ions in titanium structure.

Moreover, with the addition of SiO,, the band of 1254 cm” lin
the SO sample become extinct and a new band appears in the mid
frequency region at 1120 cm ™' in S10 glass. This might be due to
the possible mode of asymmetrical bond stretching vibrations of
the Si—-O~ (oxygen bridges between the [SiOy4] tetrahedra) in
Si—O-Si [25]. It has been reported in the literature that Si—-O-Si
bond rocking was observed in silicate glasses within 410—
490 cm ™! range [27]. So the band observed at 470-500 cm lin
Si0O, containing glasses are due to Si—-O-Si bending vibration.
This may be as an indication of the formation of a silica network
which, in turn, can also be an indication of formation of
cristobalite as it has been shown in Fig. 2.

Considering the very strong bond between Si—O and Ti-O,
when the glass does not contain a suitable amount of alkali or
alkaline earth metal ions (in this research: CaO) as oxygen
donors, the Si and Ti will compete in their oxide bonds, and
TiO, will crystallize in the form of rutile or anatase [32].
Gorlich et al. [25] has also shown that the solution of TiO, in
SiO, is not easily the task, so that glassy solutions can be
obtained in a metastable state. Under these conditions and
probably the difference of field strength between both oxides,
phase separation takes place in the system [25,32]. One phase
contains tetrahedral ([SiO,4] as well as [TiO4]); but rich in SiO,,
the other one contains the octahedra ([TiOg] as well as a small
proportion of [SiOg]), especially in large quantities of TiO,
which finally crystallizes as rutile [25]. Li et al. [33] and Linati
et al. [34] stated that in the SiO,—P,Os glasses, when the
amount of P,Os is high, SiO, and P,Os cannot form complete
solutions in the system. Thus based on the literature survey, it
seems reasonable to assume that the Ti—~O-Ti and Si—O-Si
bonds in the FT-IR spectra may be as an indication of the
formation of a titanium oxide and silica networks as rutile and
cristobalite; respectively, which are in accordance with XRD
pattern (Fig. 2). These observations are more sensible in the
greater amount of SiO, (such as S10 specimen). Moreover, as
Si0, is added a new band at 540 cm ™" is appeared to attributing
to (PO,*7) units. The appearance of (PO,>7) units may be
relevant to phosphorous in a crystal-like environment [19].

In agreement with IR results, the *'P MAS NMR spectra of
samples containing SiO, (Fig. 5) showed the sharp signals that
can be as an indicative of phosphorus in an orthophosphate
environment (PO,*7). The sharp and narrow signals indicate
the appearance of new crystalline phases [35]. Thus considering
XRD pattern (Fig. 2), the formation of (PO4>~) units may be
implying the formation of crystalline phase(s) such as Sij
(PO4)4 and Cas (POy), phases.

4.3. Effect of SiO, along with K>0 on system of TiO,—
CaO-P,0s glass

Since Fig. 3 shows no sharp peaks it can be considered as an
amorphous state, which might be the effect of addition of K,O
as a modifier.

It seems that with adding of SiO, the bond of P-O-Ti at
655 cm ™! becomes extinct but the addition of K,O in the S6K2,
S10K2 and S14K?2 glasses lead to the displacement of P-O-Ti
with more covalence in nature bond of P-O-Si. In a similar
study, Ahsan et al. [27] observed the band at 650 cm ™! can be
ascribed to P-O-Si asymmetric bending vibration of SiOg
octahedra rather than Si—O-Si tetrahedral. Higher the amount
of silica, higher the peak intensity, particularly at 470-
490 cm ™' ranges that is attributed to bending vibration of Si—
O-Si. This may be as an indication of the formation of a silica
network, especially in the greater amount of silica (such as
S14K2). But it seems that K,O in S3K2 has caused the
formation of Ti and P rich regions. The data indicates that in the
sample containing 3% SiO, Si and P rich regions were not
formed; which showed that probably, the P-O-Si bond does not
form in the system. So, the weak band of 655 cm ! attributes to
the P-O-Ti bond.

As it was expected, K,O promoted the formation of glass
and suppressed the tendency for separation into immiscible
phases. A similar result has been reported in soda-potash
glasses [32]. Moreover, Morimoto [36] showed that K,O
suppresses the crystallization in the Li,O-SiO, glass. Thus in
accordance with Fig. 3, K,O prevents crystallization of glasses.
Therefore, TiP,O; phase does not form with the introduction of
K,O. Consequently, the band vibration at 750 cm™' is
attributed to the symmetric of P-O-P bridging oxygen
stretching mode vibration bond, in Q1 units, in accordance
with the *'P MAS NMR spectra. The bands at 630 cm ™!
ascribing to Ti—O-Ti, 806 cm ™' and 1120 cm ™' assigning to
Si—O-Si are also vanished. This may be an indication of the
tendency for less formation of titanium and silica structures.

Li et al. [33] has shown that in Na,O-SiO,—P,05 glasses,
SiO, and P,0s5 form a silica—phosphate network, when the
content of Na,O is lower than P,Os. Meanwhile, Iwamoto and
Tsunawaki [37] stated that the role of K* ion in SiO, is the same
as that of Na™ ion. Note that K,0 and Na,O have almost similar
properties. It could be said that, when the content of KO is
lower than P,Os, SiO, and P,Os form a silica—phosphate
network (as P—O-Si bond), probably with the replacement of
P** site by Si** via the breakdown of phosphate network. These
results can be used to confirm the formation of isolated droplet
phases separated from phosphate matrix phase that are rich of
Si and P (as shown in Fig. 6).

The peak intensity of Si and P in EDX pattern of Fig. 6
shows that with the increase of SiO,, the peak intensity of Si to
P, and the number of Si and P rich regions has increased. This
may be an indication that these areas are away from the
structure of phosphate—silica and are close to the silicate
structure. Furthermore, the intensity of 566 cm~! band rises
with increasing of SiO,. According to Fig. 6, it seems that this
bond attributing to 566 cm ™' band throughout the matrix. As
mentioned earlier, Gorlich et al. [25] revealed that the TiO, in
Si0, is not easily solved. Therefore it is not expected to
increase the number of Ti—O-Si bond throughout the matrix
with the raising of SiO,. So it is possible to assume that with the
increase of SiO,, Si is removed from the titanium structure and
forms the Si richer regions of isolated droplet shape.
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As presented in section of DTA analysis, according to Fig. 1
the liquidus temperature has been increased with SiO, and its
deepness has been decreased with SiO,; in comparison with
SiO,-free specimen. S6K2 specimen has the least liquidus
temperature and deepness of the all. The decreasing of liquidus
temperature is compatible with the Rawson glass-forming
theory, which predicts that decreasing of liquidus temperature
leads to the better glass-forming ability [38].

The data in Table 2 clearly indicates that GFA in SO sample
has been worsened with the increase of SiO,; but it seems that
S6K2 sample showed the best GFA of all except SO.

Asin Fig. 4, the weak shoulder at 950 cm ' is relevant to the
bond of Si—O-Ti. Another bond of Ti—O-Si is observed at
566 cm ™. Based on these two bonds, it can be assumed that
silica structure includes less content of titanium ions.

Based on the data presented in Fig. 4, there are the bands of
asymmetric stretching vibration of P-O-P linkages at 937 and
1140 cm ™' and asymmetric stretching vibration of P-O—P at
750 cm™! in Q1 units, as well as the band at 1254 cm ™!
assigning to the asymmetric stretching mode of P-O-P in the
phosphate tetrahedra, in Q” units disappears. >'P MAS NMR
spectrum of glasses in Fig. 5, show that with adding of K,O, the
sharp signals are vanished, and the new broad peaks are formed,
assign to Q' units. These are not sufficiently sharp peaks to be
related to crystalline phases and can be as a sign of the
amorphous environment around the P atoms.

Thus, considering the above description, it can be stated that
despite addition of SiO, along with K,0, the *'P MAS NMR
and infrared spectrums of glasses show no Q” sites in the
phosphate network and the formation of Q' and the pyropho-
sphate group is the predominant structural unit in these glasses.

5. Conclusions

The structure of CaO-TiO,—P,05 glass changed with the
introduction of SiO,. With the adding of SiO,, TiP,0O; phase is
formed in S3, S6 and S10. Furthermore, the appearance of Ti—
O-Ti and Si—O-Si bonds in the FT-IR spectra may be as an
indication of the formation of a titanium oxide and silica
networks as rutile and cristobalite respectively.

K,O prevents crystallization of glasses and promotes the
formation of glass. The addition of K,O in the S6K2, SI0K2
and S14K2 glasses lead to deletion of the TiP,O, rutile,
cristobalite and the displacement of P-O-Ti by more covalent
P-O-Si. In the greater amount of silica (S14K2) form the
bending vibration of Si—O-Si bond. K,O in S3K2 has caused
the formation of Ti and P rich regions. It appears that 3% SiO,
could not cause the formation of Si and P rich regions.
Furthermore, K,O caused the formation of phosphate—silica
network as P-O-Si, and formation of isolated droplet phases
separated from phosphate matrix phase that are rich of Si and P.
The best and optimum condition for silicon ions in phosphate
structure is to act as a glass former, as obtained in S6K2 glass.
S6K2 specimen has the least liquidus temperature and deepness
of the all. The decreasing of liquidus temperature is compatible
with the Rawson glass-forming theory to the better glass-
forming ability that well-matched with GFA parameters.

With the introduction of K,O, the surface devitrification has
been trepanned to bulk devitrification especially in S6K2
samples.

Despite addition of SiO, together with K,O the *'P MAS
NMR and infrared spectrums of glasses show that no Q7 sites
will remain in the phosphate network and the formation of Q'
and the pyrophosphate group is the predominant structural unit
in these glasses.
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