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Accepted 01 May 2018 50P,05 (0<y<35 mol%) were prepared by using the melt—quench technique. Their
structures have been characterized by infrared spectroscopy. The substitution of 15
mol% ZnO and 35 mol% PbO for 50 mol% Li,O in the binary 50Li,O—-50P,0s glass
decreases the molar volume (AV,, = 2.62 cm’/mol) and increases further the glass

Keywords transition temperature (AT,=70 °C). FTIR spectra reveal the formation of P-O-Pb and

v’ Phosphate glasses, P—O-Zn bonds in these glasses and show that metaphosphate network is not affected

v PbO, when PbO content increases. Thus, PbO is assumed to play an intermediate role in a way
v Density that Pb>" cation tends to break P-O—P bonds forming PbO, units with covalent Pb—O
v’ Molar volume bonds. The predominant structural units in all these glasses are metaphosphate (P,0g)*
v DSC, groups. Moreover, systematic variations of the glass transition temperature, density, and
v FT-IR, molar volume observed are in agreement with these results. The durability of the studied
v’ Water durability. glasses in the water is enhanced as PbO contents increases.

1. Introduction

Phosphate glasses are more advantageous than conventional silicate and borate glasses because they generally
offer some unique physical properties such as high thermal expansion coefficients, low melting temperature,
low softening temperature, high electrical conductivity, high ultra-violet transmission and optical characteristics
[1-8]. Phosphate glasses have also emerged as a promising group of glasses for optical amplifiers, fibers, laser,
etc. [9]. However, the poor chemical durability, high hygroscopic and volatile nature of phosphate glasses have
restricted their use for replacing the conventional glasses for a developed range of technological applications
[10,11]. The structural investigations of phosphorous in former P,Os basic glass have shown that P°* ions are
tetrahedrally co-ordinated by oxygen atoms and tetrahedral units are corner bonded in a random configuration
[12]. The structure of phosphate glasses is based on the distribution of Q' nomenclature, where “i” (i=0, 1, 2 or
3) represents the number of bridging oxygens (BO) per PO, tetrahedron in the vitreous network. Depending on
the [O]/[P] ratio defined by a glass composition, the phosphate glasses can be described by different structures:
cross-linked network of Q° tetrahedra (as for vitreous P,Os); polymer-like metaphosphate chains of Q
tetrahedra; ‘invert’ glasses based on small pyro (Q') and orthophosphate (Q°) species [5]. The physical
properties and chemical durability of phosphate glasses are found to be improved by introducing of one or more
of multivalent oxides into P,Os glass network such as PbO, ZnO, Al,O3;, MoO;, WO;, TiO, etc. which extends
their applications [13-17] even in the burial of radioactive wastes. Thus, the phosphate glasses with addition of
heavy metal oxide have been found to be used in broad range of applications, such as photonic, bone
regeneration and hermetic sealing technology.
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In the previous works, the oxide glasses containing transition metal ions are of great interest because of
their semiconducting properties. It has been reported that the addition of zinc oxide ZnO can improve resistance
of a glass to aqueous attack because Zn>" ion acts as an ionic cross linker between different phosphate anions,
inhibiting hydration reaction [18-20]. Zinc oxide ZnO acts a glass modifier, where Zn>" occupies interstitial sites
in glass network [21].

Among various modifier oxides that play the role of glass modifiers in P,Os glass network, the lead-oxide
(PbO) is considered as unique since PbO is known to play a dual structural role as well as a modifier and a
former network. Recently, further studies have been made on lead phosphate glasses using Raman, FTIR, NMR,
X-ray diffraction techniques [22-29]. These studies revealed that lead oxide PbO takes the role of both glass
former and glass modifier. As a glass former, PbO enters the network with PbO, structural units by sharing the
corners of phosphate network which in turn form P—O—Pb linkages. When PbO acts as a network modifier, Pb**
ion becomes of octahedral coordination like any other conventional alkali oxide modifier. Studies of, a various
properties of ternary PbO-ZnO-P,0s glasses were carried out [30-35]. The main attention was given to the
glasses with the molar content of P,Os is around 50%. The lead zinc phosphate glasses are known as materials
considered for nuclear wastes storage [36], and owing to their low glass-transition temperature and suitable high
thermal expansion coefficients, they are also interesting for some sealing applications [37]. On the other hand,
lithium ion conducting glasses have enormous potential for uses in electrochemical devices, such as solid-state
batteries, sensors, electrochemical capacitors, electro-chromic displays and analog memory devices [38]. The
specific applications of the quaternary Li,O—PbO-ZnO-P,0s glasses make the knowledge of their structure-
properties relationships challenging. However, only few studies have been devoted to the characterization of
their structure [39-41]. In the present work, the structure of glasses with the general composition (35—y)Li,O—
yPbO-15Zn0O- 50P,05 (0<y<35 mol%) is investigated using IR spectroscopy in order to elucidate the structure
of the glass as a function of composition. Other properties, such as density, molar volume, glass transition
temperature and water durability, are investigated and correlated with the structure changes.

2. Material and Methods

2.1. Preparation of glasses

Glasses of the target composition were prepared by mixing the appropriate amounts of lithium carbonate
Li,COs, lead oxide PbO, zinc oxide ZnO and diammonium hydrogen phosphate (NH4),HPO, according to the
reaction scheme:

xLi;CO; + yPbO + zZnO + 2t(NH,),HPO, = [xLi>O, yPbO, zZnO, tP,0Os] + 4tNH; + 3tH,0 + xCO,
Where X, y, z and t are molar percentage of Li,O, PbO, ZnO and P,Os respectively; x=(35-y), z=15, t=50, (0<y<35 mol%)

Mixtures of the starting materials were firstly ground in an agate mortar and preheated in alumina crucible at
120°C overnight. They were then annealed at the temperatures varying between 300 and 400°C for 12 h to
remove NHs, H,O, and CO,. The temperature was then progressively increased to 1050°C and held constant at
this value for 15min. The batch was finally quenched to room temperature under air atmosphere to produce
vitreous samples.

2.2. X-ray diffraction study

X-ray diffractograms of the powdered samples were recorded at room temperature using a Siemens D5000
diffractometer with Cug radiation (A = 1,5418 A) in the 20 ranges of 10 °- 60 ° at a scanning rate of 2 ° per
minute. The XRD analysis was used to confirm the amorphous nature of the glasses.

2.3. Thermal study
Differential scanning calorimetry of powder samples was made at a heating rate of 10 K.min" using the DSC-
SETRAM type apparatus 121 to determine the glass transition temperature (T,); the estimated error is =5 °C.

2.4. Density measurements
Density measurements were carried out at room temperature, using Archimedes method with xyléne as the
immersion fluid. The relative error in these measurements was about £0.03 g.cm™.

2.5. Infrared spectroscopy study

The Fourier transform infrared (FTIR) spectroscopy measurements were made on glass powders dispersed in
KBr pellets (3 wt.%). The infrared spectra of the powder glass samples were recorded at room temperature in
the range between 400 —1400 cm™' using a FTIR Perkin-Elmer spectrometer.
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2.6. Water durability

The water durability behavior of the bulk glasses was followed in static regime and evaluated from the weight of
samples immersed in deionized water for 28 days. The samples were polished to 600 grit finished with SiC
paper, cleaned with acetone and suspended in glass flasks containing deionized water at 25+3 °C. The glass
surface area to solution volume ratio (S/V) was 0.02 cm™. The weight loss (Aw) of the samples was measured at
various time points (1, 7, 14, 21 and 28 days). The samples were measured before and after different immersion
times, by using an analytic balance of sensitivity 0.1mg. The weight loss (Aw) was obtained from the relation:
Aw = wo-w, where w, and w is original and remain weight (g) of sample glass, respectively. The dissolution rate
(DR) was calculated as: DR=Aw/(Axt) where Aw is the weight loss (g), A is the sample area (cm®) before the
dissolution test and t is the dissolution time (min).

3. Results and discussion
The obtained results concerning nominal compositions, density, molar volume, glass transition temperature and
dissolution rates DR for all studied samples are listed in Table 1.

Table 1: Composition, density p, molar volume V,, glass transition temperature T, and dissolution rates DR in 28 days
of LiPbZnP glasses

y (mol%) Glass compositions (mol%) p(g/em’)  Vy(cm*/mol) T, (°C) DR (g/cm*/min)

y=0 35Li,0-15Zn0O- 50P,05 2.51 37.30 333 1.64x10°
y=5 30Li,0-5PbO-15Zn0O- 50P,05 2.78 37.16 334 8.02x107
y=15 20Li,0-15Pb0O-15Zn0O- 50P,05 3.35 36.60 336 2.52x107
y=25 10L1,0-25PbO-15ZnO- 50P,05 4.00 35.49 344 7.23x10°®
y=35 35Pb0O-15Zn0O- 50P,0s 4.62 34.91 373 2.08x10™

3.1. X-ray diffraction

As shown in figure 1, the X-ray diffraction patterns of typical glass sample, with nominal composition of
20Li,0-15Pb0O-15Zn0O-50P,05 confirms their amorphous nature, since there is no sharp peak observed in the
diffraction pattern.
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Figure 1: X-ray diffraction patterns for typical glass 20Li,0-15PbO-15ZnO-50P,05
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3.2. Density and molar volume

The molar volume of the glass, V,,, was calculated from the molecular weight, M and density p (V,, = M/p). The
molecular weight, M was calculated using the relation:

M(Glass) = (35—y) x M(Li,0) +y x M(PbO) + 15 x M(ZnO) + 50 x M(P,05).

where (35-z), y, 15 and 50 are the mole percent of Li,O, PbO, ZnO and P,0s respectively: M(Li,O), M(PbO),
M(ZnO) and M(P,0s) are their respective molecular weights.

Density is a useful parameter to measure when investigating changes in the structure of glasses, as it is
affected by structural softening/compactness, changes in geometrical configuration, coordination number, cross-
link density and the dimensions of interstitial spaces in the structure. The values of density and molar volume of
each sample are listed in Table 1 and are graphically represented in figure 2.

Density values of 35Li,0-15Zn0O-50P,0;5 (y=0) glasses (table 1) and 50Li,0—-50P,0s are 2.51 g/crn3 and
2.29 g/cm’ [41], respectively. Substitution of Li,O by ZnO increases largely the density. As shown in Fig. 2, the
density increases with increasing PbO content in LiPbZnP metaphosphate glasses, density increases from
2.51g/cm3 (%Pb0O=0) to 4.62 g/cm3 (%PbO=35). In general, the increase in the density can be related to either
the constitutions of the glass or to the structural variation in the type of phosphate structural units. At the first
sight, the increase in the density of the studied glasses can be related to the replacement of oxide Li,O have
lower molecular weight (29,88 g. mol™') by an oxide which has a greater molecular weight like ZnO (81,3794
g.mol ") or PbO (223,1994 g.mol ™).
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Figure 2: Composition dependence of density and molar volume of LiPbZnP glasses

The substitution of 15 mol% ZnO for 15 mol% Li,O in zinc free lithium metaphosphate glass results in a
decrease in molar volume from 37.53 cm’. mol™' for 50Li,0—50P,05 glass [41] to 37.30 cm®. mol ™" for 35Li,0—
15Zn0-50P,05 glass. When PbO is substituted for Li,O in LiPbZnP phosphate glasses, there is a non-linear
decrease of molar volume Vi, up to 34.91 cm’. mol™' (y=35) (Figure 2), while the density varies quite linearly.
This suggests that substitution of Li,O by PbO, in LiPbZnP phosphate glasses, is far from ideal and it will
change the glass structure (shorten the phosphate chain length) and make it more compact. The non-linear
decrease of molar volume V,, can be explained by the formation of Pb—O bonds [30, 41, 47- 48], with a covalent
nature more than that of Li—O bonds, which reticule the phosphate network and lead to the close structure of the
glasses. Similarly, such a point of view was also used to interpret the formation of covalent Pb—O bonds in
ternary lead lithium phosphate glasses [41].

3.3. Glass transition temperature

In figure 3, a typical DSC curve of chosen glass composition of 35Li,0-15ZnO-50P,0s (y=0) is represented.
Similar curves have been recorded for all other samples given in Table 1. From the DSC curve, we can obtain
the glass transition temperature T, for each composition (Table 1).
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Figure 3: DSC curve of glass with composition of 35Li,0-15ZnO-50P,05

DSC measurements give the variation of T, from 303°C for binary lithium phosphate glass of
composition 50Li,0-50P,05 [41] to 333°C for lithium zinc metaphosphate glass of composition 35Li,0—
15Zn0O-50P,05 (y=0) (Table 1). The substitution of 15 mol% ZnO for 15 mol% Li,0 leads to the significant
increase of T, in the glass (30°C) and shows that the structure is strongly modified.

The glass transition temperature T, of the LiPbZnP phosphate glasses increases also but slowly for
(0<y<25) (11°C) and rapidly for 25<y<35 (29°C) as PbO replaces Li,O with a fixed ZnO and P,0Os contents of
15 and 50 mol% respectively (Figure 4).

We suppose that in these glasses, when zinc (Zn”") and lead (Pb*") cations substitute for lithium (2Li") ions (in
50Li,0-50P,05 glass for Zn®", and in 35Li,0—15Zn0O-50P,05 glass for Pb>"), -P-O-"...Zn'" and —P-O...Pb*"
bonds are formed with a strong covalent Zn—O and Pb—O bonds than Li—O (the Zn and Pb electronegativities
being larger than that of Li). This behavior means that the transition temperature increases in PbO-rich
phosphate glasses [49]. We assume that in this case lead and Zinc can be incorporated into the network resulting

in the formation of P-O—Pb and P-O-Zn linkages respectively.
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Figure 4: Composition dependence of glass transition temperature for LiPbZnP glasses

3.4. FT-IR spectra analysis
FTIR spectra of LiPbZnP metaphosphate glasses with various contents of lead oxide (PbO) ranging from 0 to 35
mol%, in the frequency range between 400 and 1400 cm™, are shown in Figure 5.
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Figure 5: Infrared spectra of LiPbZnP glasses

3.4.1. Lithium—Zinc—Metaphosphate glass (y=0)

The characteristic features of 35Li,0—15ZnO—50P,05 glass (y=0) spectrum are the band at 1257 cm™" attributed
to the asymmetric stretching vibration band of the non-bridging oxygen atoms (NBO) bonded to phosphorus
atoms PO, (Q? structural units) [22, 26, 41, 42]. The absorption band around 1095 cm™ is assigned to
asymmetric stretching of PO; groups characteristic of Q' structural units (chain-end groups) [20, 22, 43]. The
band at 901 cm™ is assigned to asymmetric stretching of P—O—P bridges [23, 27, 43-46], whereas the absorption
bands at 776 and 714 cm™ are due to symmetric stretching of P—-O-P bridges [45]. However, the glass is found
to exhibit two bands in the frequency range 776-714 cm ' which are ascribed to the presence of two P—-O—P
units in metaphosphate chain based on (P,O¢>) cyclic groups as shown in Figure 6 [50, 51]. The band around
534 cm™ is due to deformation modes of PO bonds (vPO,”) [31, 46], whilst a new absorption weak band at
about 470 cm™. It suggests that the bands characteristics of Zn—O (or Pb—O) vibrations remain in the region
below 600 cm”, while bands above 600 cm™ are likely caused by vibrations of phosphate network. In zinc
silicate glasses, the Zn—O tetrahedral bond is in the range of 600—400 cm™, while the Zn—O octahedral bonds
lies at 300-100 cm™'[52]. This postulation is further supported by various authors [44, 53], and in our case, we
presumed the band at about 470 cm™ is assigned to the vibration of Zn—O in ZnO, groups [30, 39, 54].
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Figure 6: Metaphosphate (P,0s)* contains two P—O—P units

3.4.2. Lithium—Lead—Zinc—Metaphosphate glasses (5<y<35)

The IR spectra of all the glasses of compositions LiPbZnP are typical to the spectrum of lithium—zinc—
metaphosphate glass of composition 35Li,0-15ZnO-50P,0s (Figure 5). The infrared spectra for all these
glasses clearly show that the structure of the phosphate chains is not affected by the substitution of Pb>" for Li*
in the glass, indicating that the fraction of bridging oxygens (P—O—P) is unaffected by glass compositions, which
agrees with the atomic oxygen/phosphorus ratio of (O/P) equal to 3 in batch composition. The figure 7 show
that the band frequencies of PO, symmetric stretching mode shifts to lower frequencies as PbO content
increases from 1257 em™ for 35Li,0—15Zn0-50P,05 glass (y=0) to 1224 cm™ for 35PbO—15Zn0O-50P,0s glass
(y=35). The variation of asymmetric stretching modes of PO, units can be attributed to: (1) the larger field
strength Fy.o of Pb*" (=31 nm?) > Li" (=23 nm™), (2) metal atomic weight being larger in the order
M(Pb)=207,2 u > M(Li)=6,941 u, that affects the metal to nonbridging oxygen bond along phosphate chains.

M. Abid et al., J. Mater. Environ. Sci., 2018, 9 (10), pp. 2788-2797 2793



This behaviour agrees with the proposed model of Rouse et al [55] in alkali metal metaphosphate glasses. The
model suggests that the frequency of symmetric and asymmetric of PO, stretch will vary systematically with
substituted cation (cation mass, M.), force constant in the alkali-nonbridging oxygen bond (F, o ) and O—P-O
bond angle (v(POy,)).
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Figure 7: Frequencies variations of v(PO,),, modes vs PbO content in LiPbZnP glasses

Bands frequencies of P-O—P symmetric stretching modes shift slightly to higher frequency as the PbO content
increases from 776/714 cm™' for 35Li;0—-15ZnO-50P,05 (y=0) to 781/717 for 35PbO—15Zn0-50P,0; glass
(y=35). The shift bands frequencies can be explained by the increase in covalent character of P-O—P bonds and
indicates that the P-O-P bonds are strengthened as PbO is substituted for Li,O. The low frequency band near
530 cm ™' (shoulder), which is attributed to deformation modes of P-O bonds (vPO,>), is also present in all these
glasses. Moreover, a narrow low frequency band appears at about 470 cm™' probably due to Pb—O stretching in
PbO, units and Zn—O stretching can clearly be observed in the spectra of all the glasses. Similar to that observed
in the IR spectra of phosphate glasses containing lead oxide [56—62]. Significant changes are observed in the
intensity of the band at 470 cm ™' owing to the vibration of Pb—O linkages with increasing PbO content and
became maximum in the spectrum of the glass 35PbO-15Zn0-50P,05 (y= 35). Thus, these results indicate that
PbO is assumed to play an intermediate role. Li cation is solely modifier ion while Pb** cation tends to break
P—O—P bonds forming PbO, tetrahedral units connect to the phosphate tetrahedra PO, by P-O—Pb covalent
bonding. The decrease in molar volume V,, and increase in T, (Table 1) with increasing PbO content supports
this deduction. The process of incorporation of PbO into the network may therefore be represented as:

- Li*
O
N — .
Li+'O/ ~No-~ Yo +Pb / ~No~ \O
(a) creation of non-bridging oxygen by Li,O
(b) reorganization of P—O bonds to include two P—O—-P links in P,0¢” units with Pb*" four-coordination

4

N A WA SN SO O O /0\ A2

s P Ps Pb?* P P Pb?* © P
5 So~ \O/\O/ ~No \ 0" o~ \O/ \
Linear metaphosphate chain [Pb2+(P206 )] units

3.4. Water durability

The water durability as determined by the sample weight loss per unit area (Aw/A) versus time in deionized
water at 25 °C of LiPbZnP at various time points is shown in Figure 8. We can notice in this figure that water
durability of these glasses is found to be sensitive to the glass composition. It can be seen clearly that the glasses
whose PbO content is equal or more than 15 mol% have much better water durability (less weight loss). For
example, in 28 days, weight loss decreases from 6,6 mg/cm® for free lead glass of composition (35Li,0—
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15Zn0-50P,05) (y=0) to 0.84 mg/cm’ for 35PbO-15Zn0O-50P,05 glass (y=35). This result indicates that the
addition of lead to phosphate glasses will improve their chemical durability.
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Figure 8: Weight loss per unit area of LiPbZnP glasses, as a function of the PbO content
after immersion in distilled water at 25 °C for 1, 7, 14, 21 and 28 days.

The Figure 9 shows the effect of PbO concentration in the glass on the dissolution rates at different times of
LiPbZnP metaphosphate glasses immersed in distilled water at 25°C. Obviously, the dissolution rate DR is
higher for all the glasses in the beginning (first days) but decelerated with time.
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Figure 9: Dissolution rates (DR) of LiPbZnP glasses, as a function
of the PbO content after immersion in distilled water at 25 °C for 1, 7, 14, 21 and 28 days.

It was also observed that the average DR is higher for free lead glass (35Li,0—-15ZnO-50P,05s) (y=0) than those
observed for all other glasses. For example, the data obtained from DR in 28 days, showed that DR decreases
from 1,64x10 g.cm™.min™, for 35Li,0-15Zn0-50P,0s glass to 2,08x10™® g.cm™.min for the 35PbO—
15Zn0O-50P,0s glass (Table 1). This result indicates that the substitution of lithium oxide (Li,0) with lead oxide
(PbO) in metaphosphate glasses will improve their water durability. The best water durability of glasses rich
lead oxide, may be attributed to the reticulation of the phosphate network by PbO, groups via Pb—O—-P bonds
which are more chemically durable than P-O—P and P-O"..Li" bonds.
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Several studies of the dissolution mechanism of phosphate glasses in aqueous solutions have been carried out
[19, 63-65] and showed that phosphate glasses might dissolve by one of two mechanisms: hydrolysis or
hydration reactions. The hydrolysis reaction of covalent P-O—P bonds would result in the ultimate cleavage of
the phosphate network to produce orthophosphate. On the other hand, the hydration reaction occurs at modifier
cations, disrupting ionic bonds between the phosphate chains. Therefore, the chemical durability of LiPbZnP
metaphosphate glasses have been postulated to depend mostly on the ionic cross-links of Li", Zn*" and Pb**
cations between the phosphate chains.

Indeed, the structure of lithium zinc metaphosphate glass (35Li,0-15Zn0O-50P,0s) consists of a network of PO4
tetrahedral units with two P—O—P bridges chain based on (P,O¢ ) groups as proposed by IR spectroscopy.
Lithium oxide (Li,0) and Zinc oxide (ZnO) in this glass convert the three-dimensional PO, network of
phosphate glass into linear phosphate chains groups (P,06”) with the cleavage of P-O-P linkages and creation
of non-bridging oxygen (NBOs) atoms. The higher of PbO content, the higher chemical durability is, i.e; PbO
improves the water resistance ability of phosphate glass. The metaphosphate glass (35PbO-15ZnO—50P,05)
occurs the lower values of DR and hence, good chemical durability. So, the improved water durability of the
LiPbZnP glasses can be attributed to the replacement of the easily hydrolysed P-O—P and/or hydrated P-O...Li
bonds by corrosion resistant P-O—Pb and/ or P-O—Zn bonds and also by reducing the non-bridging oxygen
(NBOs) which results in a higher field strength, therefore, serves as a strong ionic cross-link between the non-
bridging oxygens (NBOs) of two different phosphate chains. Thus, replacing lithium oxide by lead oxide,
increases the number of P-O-Pb which will retard the entrance of H>,O molecules, and lead to decrease the
dissolution rate of the phosphate glasses that increases the chemical durability. It has been found that cross-
linking agents such as Al,Os, Fe,O3, Ag,O, and PbO are effective additives to improve the chemical durability
of phosphate glasses [64].

Conclusions

Density, molar volume, thermal and Infrared spectroscopy studies have allowed us to follow the evolution of the
glass structure of (35-y)Li,O—yPbO-15ZnO-50P,05 (0<y<35) glasses. The infrared spectra show that the
structure of the phosphate chains is not affected by the substitution of Pb*" for Li" in the glass metaphosphate
chain which are based on (P,O¢>") groups. This suggests that PbO play an intermediate role with breakage of P—
O-P bonds and forming PbOj, tetrahedral units. The addition of less than 15 mol% PbO produces a small effect
on water durability because the hydrolysis reaction of covalent P-O-P bonds and/or the hydration reaction
occurs at modifier cations of P—O..Li, are predominant linkages in glasses with the lowest PbO contents. Above
15 mol% PbO, the formation of more and more P-O—Pb bonds, increases the cross-link between the phosphate
chains and overall, enhance dramatically water durability and increase of Tj.
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