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Abstract
Barium phosphate glasses of the composition (100 - x)Ba(PO3)2–xWO3 with 0–60 mol% WO3 were prepared and studied.

Thermal studies of the glasses were carried out with DTA, dilatometry and hot-stage microscopy. Glass transition tem-

perature in this glass series increases with increasing WO3 content from 461 �C (x = 0) to 623 �C (x = 60). Most glasses

containing WO3 crystallize on heating within the range of 650–750 �C with the exception of glasses with 20–30 mol%

WO3, which are thermally stable. Very high chemical durability of these glasses with dissolution rate of 1.4 9 10-8–

6.2 9 10-9 g cm-2 min-1 was also revealed. Crystallization of glasses revealed the existence of a new compound

Ba(WO2)2(PO4)2 in the studied compositional series. The compound Ba(WO2)2(PO4)2 possess hexagonal unit cell of

dimensions a = 11.5191(1) Å and c = 6.3437(1) Å, and its melting point is 936 �C. Raman spectra of crystallized glasses

confirmed the formation of crystalline compound in this glass series and revealed the presence of glass phase in some

thermal-treated samples. 31P MAS NMR showed on only one coordination of phosphorus atoms in the Ba(WO2)2(PO4)2

compound.
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Introduction

Phosphate glasses rank among materials with many inter-

esting properties for technological applications such as low

melting temperature, low glass transition temperature or

high transparency for ultraviolet light, but with relatively

poor chemical durability [1]. This problem can be solved

by modifying these glasses with transition metal oxides

(TM), such as Fe2O3, Nb2O5, MoO3 or WO3 [2, 3].

Phosphate glasses modified with tungsten oxide exhibit

also interesting electrochromic and photochromic proper-

ties applicable in special optical materials [4, 5].

NaPO3–WO3 glasses were studied by de Araujo et al.

[6]. From structural studies with solid-state NMR and

Raman spectroscopy, the authors [6] claim that tungsten

oxide forms WO6 octahedra interlinking metaphosphate

chains based on PO4 tetrahedra. According to [6], in the

glasses containing more than 40 mol% WO3 the majority

of phosphorus atoms is present as P(OW)4 tetrahedra.

Glasses of AgPO3-WO3 series were studied by

Santagneli et al. [7]. The authors [7] confirmed the for-

mation of P–O–W connectivities and their XANES mea-

surements showed on the formation of octahedrally

coordinated tungsten. The blue color of tungsten phosphate

glasses is caused by the presence of W5? ions in the glass

[8]. The study of thermal properties of tungstate-phosphate

glasses [9–11] showed the increase in glass transition

temperature with increasing WO3 content.

The experimental data on barium tungstate-phosphate

glasses are scarce. The available data on these glasses are

from X-ray absorption study in [12], where the authors

studied distortion of WO6 octahedra in three glasses of

Ba(PO3)2–WO3 series. Marzouk et al. [13] studied barium

metaphosphate glasses modified by WO3 with the appli-

cation of optical, FTIR and ESR spectroscopies, but this
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study is devoted to the glasses with the addition of only

0–3 mass% WO3.

The aim of the present work was the investigation of

thermal behavior and physico-chemical properties of

(100 - x)Ba(PO3)2–xWO3 glasses. Their crystallization

was studied by thermoanalytical methods, and crystalliza-

tion products were analyzed with X-ray diffraction and

Raman spectroscopy. Glasses with barium oxide, instead of

lead or zinc oxide, bring two advantages, the first one is

lead-free composition and the second one is that barium

phosphate glasses are generally more chemically, thermally

and mechanically durable than zinc phosphate glasses [14].

Experimental

Glasses of the BaO–P2O5–WO3 system were prepared from

reagent grade BaCO3, H3PO4 and WO3 in batches of 25 g.

The homogenized starting mixtures were slowly calcined

up to 600 �C with the final calcination at the maximum

temperature for 2 h in order to remove the water. The

reaction mixtures were then melted at 1000–1150 �C under

ambient air, in a platinum crucible. The melt was subse-

quently poured into a preheated graphite mold (T\ Tg),

and the obtained glass was then cooled to room tempera-

ture. The amorphous character of the prepared glasses was

checked by X-ray diffraction analysis (not shown).

The elemental analysis of the bulk glasses was studied

using scanning electron microscope LYRA 3 (Tescan)

equipped with EDS analyzer AZtec X-Max 20 (Oxford

Instruments). The EDS measurement was taken at 20 kV

acceleration voltage on two 400 9 400 lm spots. Trans-

mittance spectra in the UV, visible and near-infrared range

were obtained between 200 and 2000 nm using a spec-

trophotometer Shimadzu UV-3600 on polished glassy

samples.

The glass density, q, was determined on bulk samples by

the Archimedes method using toluene as the immersion

liquid. The molar volume, VM, was calculated using the

expression VM = �M/q. Density of polycrystalline sample

was determined using a helium gas pycnometer AccuPyc II

1340, whereby the volume of the sample was measured by

measuring the volume of the helium gas displaced by the

sample.

Chemical durability of glasses was evaluated from their

dissolution rate in distilled water at 25 �C. Glass cubes

were placed in 100 cm3 of water for 7 days. The dissolu-

tion rate, DR, was calculated from the expression DR=Dx/
St, where Dx is the mass loss (g), S is the sample area

(cm2) before the dissolution test and t is the dissolution

time (min).

Thermal behavior of the glasses was studied with the

DTA 404 PC (Netzsch) operating in the heat flux DSC

mode at a heating rate of 10 �C min-1 over the tempera-

ture range 30–1000 �C. The measurements were taken with

100 mg powder samples in a silica crucible under an inert

atmosphere of N2. The thermal expansion coefficient, a, the

glass transition temperature, Tg, and the dilatometric soft-

ening temperature, Td, were measured on bulk samples

with dimensions of 20 9 595 mm using a dilatometer DIL

402 PC (Netzsch). From the obtained dilatometric curves,

the coefficient of thermal expansion, a, was determined as

the mean value in the temperature range of 100–200 �C,

the glass transition temperature, Tg, was determined from

the change in the slope of the elongation versus tempera-

ture plot and dilatometric softening temperature, Td, was

determined as the maximum of the expansion trace corre-

sponding to the onset of viscous deformation. The dilato-

metric measurements were taken in the air at a heating rate

of 5 �C min-1. The thermal properties were also studied

with hot-stage microscopy (HSM) from HESSE Gmbh,

which was carried out with powder samples pressed into

cylinders (3 mm in diameter and height) with a hand press.

The specimen was placed on a corundum sample holder,

and the measurement was taken with a heating rate of

5 �C min-1 from room temperature to melting point under

a static air atmosphere. The projected area and the height of

the pressed powder sample were monitored with a CCD

camera during the heating.

A Bruker D8 Advance diffractometer with CuKa radi-

ation was used for the identification of crystalline phases. A

database of inorganic compounds from International Cen-

ter of Diffraction Data [15] was used for the phase

identification.

Raman spectra in the range 1400–200 cm-1 were

measured on glassy bulk and crystalline powder samples at

room temperature using a DXR Raman spectrometer

(Thermo Scientific) with a 532 nm solid-state (Nd:YAG)

diode pumped laser.
31P MAS NMR spectra were measured at 9.4 T on a

BRUKER Avance 400 spectrometer with a 4 mm probe.

The spinning speed was 12.5 kHz, and relaxation (recy-

cling) delay was 180 s, which was enough to enable

relaxation for quantitative analysis. The chemical shifts of
31P nuclei are given relative to H3PO4 at 0 ppm.

Results and discussion

Physico-chemical and thermal properties

We have prepared seven samples of (100 - x)Ba(PO3)2–

xWO3 glasses with 0, 10, 20, 30, 40, 50 and 60 mol% WO3

by the procedure described above. Their compositions
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(shown in Table 1) were checked by EDS analysis (de-

termined values are also provided in Table 1). The ana-

lyzed compositions were found to be very close to the

nominal compositions. The starting barium metaphosphate

glass was colorless, while the color of barium tungstate-

phosphate glasses changed from light blue to dark blue

with increasing WO3 content. This coloration is caused by

absorption of visible light by the present W5? species

[8, 16, 17]. The presence of this species was confirmed by

UV–VIS–NIR spectroscopy, and the transmittance spectra

of the glasses with x = 0–40 WO3 are shown in Fig. 1. The

spectrum of the parent glass 50BaO–50P2O5 exhibits short-

wavelength absorption edge shifted deep in the in the UV

region, while the WO3-containing glasses reveal short-ab-

sorption edge shifted significantly toward the visible region

(see Fig. 1). Spectra of glasses containing WO3 reveal a

strong absorption within the spectral range 580–820 nm for

the glass with x = 10. This absorption becomes broader

with increasing WO3 content and the sample with x = 40 is

almost broad enough to prevent transmission of visible

light, which results in dark-colored samples. The absorp-

tion of the visible light by the reduced species can occur

both by electronic d–d transitions (at 600 nm) and by

polaron absorption between reduced and oxidized species

[17] (at 850 nm), in this case between W5? and W6?

species.

The values of density and molar volume of the studied

glasses are provided in Table 2. The density monotonously

increases with increasing WO3 content, whereas molar

volume decreases. The increase in density is caused by the

replacement of BaO and P2O5 by heavier WO3, whereas

molar volume decreases due to the replacement of nine

atoms of P2O5 and BaO by only four atoms of WO3. The

study of chemical durability showed that the dissolution

rate for the WO3-containing glasses is very small. The

mass changes in the WO3-containing glassy samples after

their interaction with distilled water at room temperature

for 7 days were a few tenths of milligram, which are the

values within the measurement error. From these studies,

we have estimated that the dissolution rate varies within the

values of 1.4 9 10-8–6.2 9 10-9 g cm-2 min-1.

DTA curves of (100 - x)Ba(PO3)2–xWO3 glasses are

shown in Fig. 2. As can be seen from this figure, almost all

glasses reveal pronounced exothermic crystallization peaks,

with the exception of the glasses with x = 20–30 mol%

WO3. In the high-temperature region, we can also observe

endothermic peaks corresponding to the melting of crys-

talline phases. The values of the glass transition temperature,

Tg, determined from DTA curves as the onset of the change in

the heat capacity, and the crystallization temperature, Tc,

determined from these curves as the onset of crystallization

peaks, are given in Table 2. In Table 2, the values of the

difference (Tc - Tg) are also given, which serve often as a

simple criterion of thermal stability of glasses. We can see

that these values increase with increasing WO3 content

within the range 0–10 mol% WO3; for the thermally

stable glasses with 20 and 30 mol% without crystallization

peak Tc values could not be determined, and then for the

glasses with 40–60 mol% the difference (Tc - Tg)

decreases.

The compositional dependences of the glass transition

temperature, Tg, dilatometric softening temperature, Td, and

the coefficient of thermal expansion, a, of

(100 - x)Ba(PO3)2–xWO3 glasses, obtained from

Table 1 Batched and analyzed

compositions of

(100 - x)Ba(PO3)2–xWO3

glasses by SEM–EDS

Sample Batched composition/mol% Analyzed composition/mol%

BaO WO3 P2O5 BaO ± 0.2 WO3 ± 0.2 P2O5 ± 0.3

x = 0 50 0 50 50.4 0 49.6

10 45 10 45 44.9 10.3 44.8

20 40 20 40 39.8 20.5 39.7

30 35 30 35 34.7 30.7 34.6

40 30 40 30 29.9 40.6 29.5

50 25 50 25 24.7 50.5 24.8

60 20 60 20 19.5 60.6 19.9
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Fig. 1 UV–VIS–NIR transmittance spectra of (100 - x)Ba(PO3)2–

xWO3 glasses
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dilatometric measurements, are shown in Fig. 3. The glass

transition temperature increases from 463 �C, for the starting

barium metaphosphate glass, up to 639 �C for the glass with

60 mol% of WO3. A similar trend was also observed for the

dilatometric softening temperature. The coefficient of ther-

mal expansion reveals the opposite trend, it decreases from

14.7 ppm �C-1 down to 9.2 ppm �C-1 for the sample with

x = 50 mol% WO3.

Generally, Tg of oxide glasses increases with the

increasing bond strength, cross-link density and closeness

of packing of the glass structure. Since the energy of W–O

bonds (EW–O = 672.0 ± 20.9 kJ mol-1 [18]) is higher than

the energy of P–O bonds (EP–O = 599.1 ± 12.6 kJ mol-1

[18]) and the energy of Ba–O bonds (EBa–O

= 561.9 ± 13.4 kJ mol-1 [18]), the mean bond strength

increases with an increase in the WO3 content. The values

of Tg, determined from dilatometric curves, are slightly

higher than those determined from DTA curves.

The thermoanalytical curves from hot-stage microscopy

of (100 - x)Ba(PO3)2–xWO3 glasses reveal the tempera-

ture dependence of the projected area and the height of the

pressed powder sample (Fig. 4). The first dimensional

changes are related to Tg, when the decreasing viscosity of

the glass results in a shrinkage of the sample. We used this

first dimensional change for the verification of the deter-

mined glass transition temperature for the glasses having

small changes in the thermal capacity cp in the glass

transformation region. Crystallization of the glass renders a

decrease in the glass viscosity similar to the starting glass

50BaO–50P2O5 (x = 0), and thus, the HSM curve reveals a

plateau until the melting temperature of the crystallized

glass (876 �C from DTA, Fig. 2). It is evident that most

glasses reveal these crystallization plateaus. From the HSM

measurement, we have also determined the values of the

flow temperature, Tf, given in Table 2. The flow tempera-

ture, Tf, is the first temperature at which the sample is

melted to a third of its original height [19]. These values

Table 2 Composition, density,

q, molar volume, VM,

dissolution rate, DR, glass

transition temperature, Tg,

crystallization temperature, Tc,

criterion of thermal stability of

glasses, Tc - Tg, and flow

temperature, Tf, of

(100 - x)Ba(PO3)2–xWO3

glasses

BaO WO3 P2O5 q ± 0.02 Vm ± 0.5 DR ± 0.2 Tg ± 2 Tc ± 2 Tc - Tg Tf ± 2

mol% g cm-3 cm3 mol-1 g cm-2 min-1 �C �C �C �C

50 0 50 3.64 40.6 1.8 10-7 461 536 75 870

45 10 45 3.89 40.1 1.5 10-8 482 643 161 808

40 20 40 4.18 39.4 1.4 10-8 499 – – 777

35 30 35 4.48 38.6 6.2 10-9 542 – – 841

30 40 30 4.88 37.4 3.0 10-8 595 732 137 907

25 50 25 5.16 36.8 2.4 10-8 605 734 129 940

20 60 20 5.47 36.2 2.2 10-8 623 726 103 991
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show a minimum for the sample with 20 mol% WO3 which

reveals the highest thermal stability.

Glass crystallization and glass-to-crystal
transformation

We have also studied crystallization products obtained by

annealing glass powders at the temperatures above their

crystallization peaks on the DTA curves. The annealing

temperatures and times are provided in Table 2 along with

the compositions of crystalline products identified by X-ray

diffraction analysis with the application of database PDF-4

[15]. We have to apply longer annealing times (16 h) for

the glasses with x = 20–30 mol% WO3 due to a smaller

tendency of these glasses toward crystallization. The

diffraction patterns of the crystalline phases are given in

Fig. 5. Even with that, we did not succeed in obtaining

fully crystallized samples (this is noticeable in Fig. 5 for

the sample with x = 20 due to the presence of the halo

centered at 2h–25�). Altogether, three crystalline phases

were identified in the diffraction patterns (see Table 3), but

one of them could not be found in the database of inorganic

compounds [15]. This unknown phase was detected in the

samples with x = 20–60 mol% WO3, but only for the

samples with 40 and 50 mol% WO3 it was represented as

the only one.

Previous studies of crystallization of various ternary

systems with MoO3 or WO3 revealed that in several ternary

systems, a crystalline compound is formed at the composi-

tion of 25MO(M2O)–50MoO3(WO3)–25P2O5. In the ternary

system PbO–MoO3–P5O5, the crystalline phase of the

composition Pb(MoO2)2(PO4)2 [20] was identified; similarly

in the BaO–MoO3–P2O5 system, Ba(MoO2)2(PO4) com-

pound was found [21]. In the Ag2O–MoO3–P2O5 system

AgMoO2PO4 compound [7, 22] and in PbO–WO3–P2O5

system Pb(WO2)2(PO4)2 compound [23] were studied. In the
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Fig. 5 XRD patterns of crystallized samples of the

(100 - x)Ba(PO3)2–xWO3 glasses

Table 3 Composition, annealing temperatures, Ta, annealing times,

ta, and crystallization products of (100 - x)Ba(PO3)2–xWO3 glasses

BaO WO3 P2O5 Ta ta Products of crystallization

mol% �C h

50 0 50 600 6 BaP2O6

45 10 45 690 6 BaP2O6

40 20 40 620 16 BaP2O6, Ba(WO2)2(PO4)2

35 30 35 680 16 BaP2O6, Ba(WO2)2(PO4)2

30 40 30 780 6 Ba(WO2)2(PO4)2

25 50 25 800 6 Ba(WO2)2(PO4)2

20 60 20 770 6 WO3, Ba(WO2)2(PO4)2
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ternary systems Na2O–WO3/MoO3–P2O5, similar com-

pounds NaMoO2PO4/NaMoO2PO4 were prepared and

studied [24, 25]. That is why we assumed, that in our case, a

crystalline phase of the composition Ba(WO2)2(PO4)2 is

formed. Also, the X-ray diffraction patterns of Ba(WO2)2

(PO4)2 compound reveal very similar diffraction lines to

crystalline phases mentioned above. The obtained diffrac-

togram (Fig. 5) from our crystallized sample contains 75

sharp diffraction lines with FWHM of approximately 0.07�
2H, which suggest a hexagonal cell of dimensions

a = 11.5191(1) Å and c = 6.3437(1) Å with figures of merit

M(20) = 298 [26] and F(20) = 420 (0.0018, 26) [27]. No

systematic absences of hkl reflections were observed.

Twenty possible space groups were found by means of the

CHECKCELL program [28]. The volume of elemental cell is

728.97(2) Å3, and we assume the unit cell contains three

formulae Ba(WO2)2(PO4)2 (M = 758.97, Z = 3). In this

case, the calculated density Dx = 5.187 g cm-3 is in good

agreement with the experimental value of 5.240 g cm-3.

Full powder pattern is provided in supplementary file. From

the DTA curve, we have also determined its melting point as

936 �C.

Raman spectra of all thermal-treated samples of

(100 - x)Ba(PO3)2–xWO3 glasses are shown in Fig. 6.

Samples containing 0–30 mol% WO3 reveal sharp vibra-

tional bands at 1156, 690, 402 and 304 cm-1, characteristic

of the crystalline compound BaP2O6. Their intensity

decreases with the decreasing content of barium

metaphosphate in the glasses. In the Raman spectra of

glasses with 10–60 mol% WO3, we can observe vibrational

bands at 1033, 958, 898, 367 and 253 cm-1 which we

ascribe to the ternary compound Ba(WO2)2(PO4)2 corre-

sponding to the glass with 50 mol% WO3. In the thermal-

treated sample with 60 mol% WO3, we can see in Fig. 6

also characteristic Raman bands of the tungsten trioxide

WO3 [29] at 807, 707 and 270 cm-1. In this way, the

Raman spectra of the thermal-treated samples are in good

agreement with the results obtained by X-ray diffraction

analysis in terms of identified crystalline phases (Table 3).

However, Raman spectra show also the presence of the

glass-crystalline state at the thermal-treated sample with

20 mol% WO3, where we can observe also the presence of

a wide vibrational band in the range of 800–1000 cm-1,

which confirms its extra thermal stability in agreement with

the results of DTA analysis (see Fig. 2).

We have also recorded the 31P MAS NMR spectrum of

the polycrystalline Ba(WO2)2(PO4)2 compound and plotted

it together with the spectrum of the corresponding glass as

shown in Fig. 7. The presence of only one signal in the 31P

MAS spectrum (at - 4 ppm) reveals only one phosphorus

local environment in this compound. A broad NMR signal

shows the presence of two or three different Qn units in the

glass structure at this composition.

Raman spectra of the polycrystalline Ba(WO2)2(PO4)2

compound and the corresponding glass are shown in Fig. 8.

We can see some similarities between Raman spectra of the

glass and crystal, but also some differences. The main

difference is the absence of the strong vibrational band in

the crystalline compound, which would correspond to the

broadband of 834 cm-1 in the Raman spectrum of the glass
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samples. Because this band in the glass is ascribed to the

W–O–W linkages connecting WO6 octahedra, we can

consider the absence of W–O–W connections in the crys-

talline Ba(WO2)2(PO4)2 compound like in the NaWO2PO4

compound [24]. The dominant band of 955 cm-1 in the

Raman spectrum of glass ascribed to stretching vibrations

of W–O bond can have similar assignment also in the

crystalline compound similar to the Raman spectrum of the

W2O3(PO4)2 measured by Kim and Condrate [30]. Vibra-

tional band of 368 cm-1, ascribed in the tungsten phos-

phate glasses to P–O–W vibrations [31], has a similar

vibrational band in the spectrum of the polycrystalline

compound.

Conclusions

We have found that tungsten oxide WO3 is able to form

glasses with barium metaphosphate Ba(PO3)2 in a broad

range of 0–60 mol% WO3. The combination of BaO and

WO3 contributes to very high chemical durability of glas-

ses and to very high glass transition temperatures of WO3-

rich glasses above 600 �C. Crystallization of glasses

revealed the formation of the Ba(WO2)2(PO4)2 compound

in the Ba(PO3)2–WO3 series. We were able to determine

the parameters of its elementary cell and its melting point.

We suppose that its structure will have similar basic

structural units as previously studied compounds, i.e., PO4

tetrahedra and WO6 octahedra. Comparison of the Raman

spectra of polycrystalline compound and the glass of the

same composition supports this conclusion.
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