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Abstract
Glass transformation effect of liquation glasses from the SiO2–B2O3–P2O5–K2O–MgO–CaO system was studied by DSC,

SEM–EDS and 31P, 29Si and 11B MAS NMR spectroscopy methods. The relation between the B2O3 content in the analysed

glasses and phase separation phenomenon, structure and glass transition effects was discussed. It was shown that increasing

content of B2O3 causes the formation of P–O–BIII, P–O–BIV and Si–O–BIII and Si–O–BIV bonds which results in the

appearance of liquation in analysed glasses. Simultaneously, double glass transition effect was observed with gradual

decrease of Tg and Ea values. The observed relations were explained using crystalochemical parameters (iG, L) of chemical

bonds present in the structure of analysed glasses.
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Introduction

In recent years, much attention has been paid to scientific

research of oxide glasses, due to the wide range of their

use. A particularly interesting group of glasses are those

containing boron in its composition. That is why the

glasses with a large potential of applications are borosili-

cate and borophosphate glasses. Chemically and mechan-

ically resistant materials constitute one of their most

important large-scale industrial applications.

Boron can be found in glasses in two different structural

units, in which its coordination (threefold coordinated

boron BIII or fourfold coordinated boron BIV) and the

number of bridging and nonbridging oxygens (BO and

NBO, respectively) vary. The presence or absence of these

different units, as well as their amounts in the glasses, is

dependent on the composition of the glass (concentration

of alkali and/or alkaline earth ions, addition of Al2O3 or

metallic cations, etc.) [1]. Properties of glasses can be

controlled not only by changing the relative proportions of

framing cations, but also by a controlled change in the

coordination number of boron cation, which, as we know,

contributes to the emergence of the so-called ‘‘boron

anomaly’’ associated with the transition of boron from

trigonal to tetrahedral coordination. Glasses from the area

of the ‘‘boron anomaly’’ show a tendency to phase sepa-

ration. Depending on the glass composition, phase sepa-

ration may be due to nucleated separation (i.e. droplets of

one phase distributed within the other), spinodal (separa-

tion in two interconnected, interpenetrating networks) or

binodal decomposition (separation in two continuous

unmixing phases) [1]. In borosilicate and borophosphate

glasses without the addition of alkali oxide, no combination

of borate and silicate and borate and phosphate networks is

observed; therefore, the two networks are fully separated.

When alkali oxides are added, such combinations can be

observed [2, 3, 12]. Analysing the simplest ternary systems

like SiO2–B2O3–Na2O i P2O3–B2O3–Na2O, it turns out that

their B2O3 content, in which we are dealing with the

phenomenon of liquation, corresponds in both cases to a

content exceeding 20 mol% [1, 4]. In the case of more

complex systems of SiO2–P2O5–B2O3–Na2O-other glass

modifiers (Al2O3, CaO) type, the phenomenon of phase
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separation is usually found at a content of only 5 mol% of

B2O3 [5, 6].

It is known that during cooling and heating, glasses

exhibit the structural strain relaxation phenomenon termed

the glass transition effect. These strains result from the

disordered structure of the glass and the random arrange-

ments of the glass structure elements. Relaxation of strains

in the glass structure at the transition temperature is con-

nected with a sudden change of its properties, such as

specific heat, expansion coefficient and viscosity from

crystal-like to liquid-like values [7]. The incorporation of

boron oxide into the phosphate and even silicate network

reduced the glass transformation temperature with simul-

taneous decrease in the tendency to crystallization

[7, 8, 13]. Information on the two transformation effects

from separated phases is very limited. Such effects are

often analysed in the group of polymers [9, 10] and rarely

in the group of metallic glasses [11].

The lack of literature data on the influence of B2O3 on

the glass forming ability with separation phase and glass

transition behaviour of multi-component glasses with

mixed silicate–borate–phosphate compositions, containing

simultaneously MgO, CaO and K2O as modifiers, was the

reason for the study. In this work, we present thermal,

structural and microstructural studies of a large series of

glasses from SiO2–B2O3–P2O5–K2O–MgO–CaO system.

Such kind of glasses can be considered, as a glassy fertil-

izers introducing into the soil environment an important

microelement in the form of boron.

Experimental procedure

Glass synthesis

The design of the chemical composition of the tested

glasses was based on previous studies on silicate-phosphate

glasses used for agricultural applications [14, 15]. The

main assumption was as follows: a constant content of SiO2

(41 mol%), P2O5 (6 mol%) and K2O (6 mol%) as well as a

varying content of B2O3 (2–28 mol%) which was intro-

duced into the composition of the glasses at the expense of

the decreasing amount of MgO and CaO (MgO/CaO =

1.5). The chemical composition of examined glasses is

presented in Table 1.

Appriopriate amounts of dried and chemically pure

reagents: SiO2, (NH4)2HPO4, K2CO3, MgO, CaCO3 and

H3BO3 were mixed in 100 g batches and melted in plat-

inum crucibles in air at 1400–1450 �C. Glasses were

quenched by dipping the outside of the crucible into water.

Glasses with a low boron content (2–4 mol%) were

transparent, and with an increase of boron, it’ s content

(above 4 mol%) showed opalescence. The introduction of

increasing amounts of B2O3 into the glass composition

resulted in intensification of its opalescence, until the glass

was completely opaque. The XRD studies of synthesized

glasses indicated that obtaining a fully amorphous material

is possible only at a content of B2O3 not exceeding of

25 mol% [16].

The FEI Nova NanoSEM 200 scanning electron

microscope was used to perform an line scan analysis and

SEM–EDS observations of the investigated materials. The

observations were conducted in high vacuum conditions,

with back-scattered electron detector (BSE), and the

accelerated voltage was 18 kV.
31P MAS–NMR spectroscopy. The solid-state 29Si and

31P MAS–NMR spectra were measured by the APOLLO

console (Tecmag) using the 7 T/89 mm superconducting

magnet (Magnex). A Bruker HP-WB high-speed MAS

probe equipped with the 4 mm zirconia rotor and the KEL-

F cap was used to spin the sample at 4 and 8 kHz, for the
29Si and 31P measurements, respectively. A single 3 ls rf

pulse, corresponding to p/2 flipping angle, was applied.

The acquisition delay in accumulation was 30 s, and 128

scans were acquired in the 31P measurements. The number

of scans in the 29Si measurements ranged from 256 to 400,

and the spectral intensities were normalized accordingly. A

50 Hz Lorentzian line broadening was applied to the

spectra, which was equal to about 0.8 and 0.4 ppm for the

silicon and phosphorus, correspondingly. The frequency

scale in ppm was referenced to TMS and 85% mol H3PO4

for the 29Si and 31P spectra, respectively.
11B solid-state magic-angle-spinning (MAS) NMR

spectra were acquired at 160.47 MHz on a Bruker Advance

III 500 MHz WB spectrometer operating at a magnetic

field of 11.7 T. The samples were spun in zirconia rotors at

12 kHz. 11B MAS NMR spectra were recorded with very

short single-pulse excitations of 0.2 ls and repetition time

of 5 s. Typically, 512 transients were acquired for each

spectrum. Short pulses were used to obtain quantitative

Table 1 Nominal composition of the analysed glasses from the SiO2–

B2O3–P2O5–K2O–MgO–CaO system (mol%)

Name of sample SiO2 P2O5 B2O3 K2O MgO CaO

2B6P 41 6 2 6 27.0 18.0

4B6P 41 6 4 6 25.8 17.2

8B6P 41 6 8 6 23.4 15.6

10B6P 41 6 10 6 22.2 14.8

12B6P 41 6 12 6 21.0 14.0

14B6P 41 6 14 6 19.8 13.2

15B6P 41 6 15 6 19.2 12.8

20B6P 41 6 20 6 16.2 10.8

25B6P 41 6 25 6 13.2 8.8
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spectra of quadrupolar nuclei [17]. 11B chemical shifts

were reported in ppm from external 1 M boric acid solu-

tion. The thermal behaviour of glasses was studied with the

STA 449 F3 Jupiter (NETZSCH) operating in the DSC

mode. DSC measurements were carried out at the heating

rate of 10 �C min-1 under a flowing air atmosphere.

Samples of glasses (50 mg) were tested in Pt crucibles. The

empty Pt crucible was used as a reference material. For

these measurements, glassy samples were grinded to the

grain size of 0.1–0.3 mm. From DSC curves, the values of

the glass transition temperature, Tg, (as the midpoint of the

change in heat capacity) were evaluated. The thermoki-

netic analysis was examined by multi-heating rate DSC at

5, 10, 20 and 30 �C min-1 using the Kissinger model.

Evaluation of DSC curves was done by Proteus software

(NETZSCH).

Results and discussion

Phase separation phenomenon

Obtaining a fully amorphous material but exhibiting

opalescence caused the necessity of detailed microstructure

knowledge of the obtained materials. In order to make it,

numerous SEM–EDS microscopic observations (on pol-

ished samples) have been carried out. Studies by the SEM–

EDS line scan analysis have confirmed that glasses con-

taining less than 8 mol% of B2O3 are fully homogeneous

(Fig. 1). The sample surface analysis revealed the presence

on the sample surface all the components introduced into

the glass structure, with the exception of boron. This is

obviously due to the low atomic number of this element.

Results of microstructure studies of the glasses with higher

content of B2O3 (C 8 mol%) showed the presence of

spherical inclusions in an amorphous matrix, demonstrat-

ing the phase separation phenomenon (Fig. 2). Initially, the

new phase appeared in large amount and in the form of

small inclusions. They were with dimensions of approx.

BK

OK

MgK

SiK

PK

KK

CaK

0 2.04 4.07

[Distance in microns]

6.11 8.15

Fig. 1 SEM–EDS line scan of

4B6P glass
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1 lm (Fig. 2a), which were evenly dispersed throughout

the vitreous mass. The increase in B2O3 content in the

composition of glasses, resulting in an increase in the size

of spherical inclusions even up to 3–10 lm (Fig. 2b, c),

leads to the formation of continuous unmixing but inter-

mingling phases (Fig. 2c–e). The observed tendency to

Fig. 2 a SEM microphotograph of 8B6P glass (910,000). b SEM microphotograph of 10B6P glass (910,000). c SEM microphotograph of

12B6P glass (910,000). d SEM microphotograph of 20B6P glass. (910,000). e SEM microphotograph of 25B6P glass (910,000)
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Fig. 3 SEM–EDS

microphotographs of 10B6P

glass

2254 B. Łagowska et al.

123



1.00 2.00 3.00 4.00 5.00 keV 1.00 2.00 3.00 4.00 5.00 keV 1.00 2.00 3.00 4.00 5.00 keV

O

Mg
Si

Si
P P

P

Ca

K K
K

K

K

K

Ca

Ca

Ca
Ca Ca

O

O

Mg

Mg

Si

point 1
point 2 point 3 

Fig. 5 SEM–EDS microphotographs of 25B6P glass
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release isolated inclusions with disordered distribution in

terms of size and location and the preservation of clear

boundaries between separated phases indicates that the

phenomenon of phase separation exhibits features similar

to binodal decomposition. SEM–EDS observations show

that both of separated phases contain components, that is

silicon, phosphorus, potassium, magnesium and calcium

introduced to the glass structure (Figs. 3–5). The quantity

of individual elements in separated phases was distinctly

different (Table 2). Semiquantitative EDS analysis of

separated phases showed that the inclusions appearing in

the amorphous matrix, the amount of which gradually

increases with the increase in the amount of B2O3 in the

composition of glasses, are enriched with phosphorus,

calcium and magnesium (Table 2). The average quantita-

tive composition of the second separated phase indicates an

increased content of silicon and potassium content. The

SEM–EDS method did not allow to determine the presence

of boron in the separated phases: silicate and phosphate.

However, our results [16] based on detailed analysis of

MIR and Raman spectroscopic spectra clearly indicated the

presence of Si–O–Si, Si–O–P and P–O–P connections as

well as P–O–B and Si–O–B connections in the structure of

the analysed glasses. It suggests that boron occurs in both

separated phases. For this purpose, further structural anal-

ysis of the tested glasses was performed using MAS NMR

spectroscopy.

MAS NMR spectroscopy

31P MAS NMR

From the 31P MAS NMR research of silicate-phosphate

glasses not containing B2O3 in its composition [15], it

results that this glass exhibit a single, symmetric Gaussian

peak characterized by the chemical shift of ? 2.2 ppm,

representing monophosphate (PO4)3- units. 31P MAS

NMR spectra of analysed glasses of the SiO2–P2O5–K2O–

MgO–CaO–B2O3 system are presented in the Fig. 6, and

the spectral parameters obtained from the deconvolution

Table 2 Average contents of

individual components in the

tested glasses from SEM–EDS

analysis, mol%

Name of sample Silicate phase Phosphate phase

SiO2 P2O5 K2O CaO MgO SiO2 P2O5 K2O CaO MgO

4B6P 50.01 7.77 7.71 12.36 22.15

8B6P 52.22 7.76 8.36 10.99 20.67 31.54 18.97 7.82 16.40 25.27

10B6P 52.60 6.73 6.89 11.20 22.58 30.60 20.73 5.17 18.58 24.92

15B6P 53.99 6.09 10.44 10.58 18.9 21.80 28.14 4.12 20.01 25.93

20B6P 55.68 7.54 10.75 8.84 17.19 24.89 27.59 4.89 14.16 28.47

25B6P 54.29 6.98 11.71 7.12 19.90 20.69 24.69 4.80 26.63 23.19

30 20 10 0

ppm from H3PO4

– 10 – 20 – 30

2B6P

12B6P

20B6P

25B6P

31P MAS–NMR

Fig. 6 31P MAS NMR spectra of analysed silicate–borate–phosphate

glasses, after deconvolution procedure

Table 3 31P MAS NMR parameters of analysed silicate–borate–

phosphate glasses

Name of sample Chemical shift/ppm FWHH/ppm Intensity/%

2B6P 2.1 8.2 97

- 7.0 6.0 3

12B6P 1.9 8.5 97

- 7.9 5.8 3

20B6P 1.7 8.5 98

- 8.8 5.4 2

25B6P 1.6 8.6 98

- 8.7 5.9 2
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procedure are summarized in Table 3 (FWHH stays for

Full Width at Half Height). Present research indicates that

conducting B2O3 at the expense of MgO and CaO, in an

amount of 2–25 mol%, causes the spectrum to become a

superposition of two Gaussian peaks, demonstrating two

different surroundings of the phosphorus atom. The dom-

inant peaks in the 31P MAS NMR spectra of all studied

glasses are located in the ? 2.1 to ? 1.6 ppm range. The

peaks correspond to the Q0 phosphate units (PO4)3-

[18, 19]. Simultaneously, in accordance with literature data

[20] the shift of the location of this band location towards

lower values of chemical shifts and a slight increase in its

halfwidth (Table 3), together with an increase in the B2O3

content in the structure of analysed glasses, demonstrate a

local order in the phosphate–oxygen subnetwork. Small

contribution from the Q1 phosphate units (P2O7)4- [19] is

also observed and located in the - 7.0 to - 8.7 ppm range.

Their presence is change evidence of the close vicinity

of phosphorus with an increasing B2O3 content in the

structure of tested glasses. The appearance in the spectrum

of peaks assigned to diphosphate complexes may be related

to the presence of boron cations in the structure of the

analysed glasses. Their position also shifts towards the

lower values, while their intensity and halfwidth do not

change. This may indicate the appearance of P–O–B type

connections instead of P–O–Mg and P–O–Ca. It

2B6P

29Si NMR
4 kHz MAS

12B6P

15B6P

20B6P

25B6P

– 25 – 50 – 75 – 100

ppm from TMS
– 125 – 150 – 175

Fig. 7 29Si MAS NMR spectra of analysed silicate–borate–phosphate

glasses

Table 4 29Si MAS NMR parameters of analysed silicate–borate–

phosphate glasses

Name of sample Chemical shift/ppm FWHH/ppm Intensity/%

2B6P - 85.9 20.4 100

12B6P - 96.6 17.1 100

15B6P - 100.5 22.2 100

20B6P - 105.1 17.6 100

25B6P - 106.9 17.8 100

20 10 0 – 10 – 20 – 30 – 40 – 50

ppm from H3BO3

11B MAS–NMR

2B6P

12B6P

20B6P

25B6P

Fig. 8 11B MAS NMR spectra of analysed silicate–borate–phosphate

glasses, after deconvolution procedure

Table 5 11B MAS NMR parameters of analysed silicate–borate–

phosphate glasses

Name of sample Chemical shift/ppm FWHH/ppm Intensity/%

2B6P - 19.6 4 17

Tri-coordinate 83

12B6P - 19.9 3.5 34

Tri-coordinate 66

20B6P - 19.7 3.3 33

Tri-coordinate 67

25B6P - 19.6 3.0 29

Tri-coordinate 71
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contributes to small growth in the polymerization degree of

the phospho-oxygen subnetwork. This is in accordance

with the results of the research presented in [21].

29Si MAS NMR

The 29Si MAS NMR spectra of the analysed silicate–bo-

rate–phosphate glasses are reported in Fig. 7, and the

corresponding fitting parameters (chemical shifts, peak

widths and relative intensities) are shown in Table 4.

The given values are approximated, especially in case of

spectra with a clearly asymmetrical shape. It may indicate

the presence of a mixture of different types of structural

units in the tested sample: Q2, Q3 and Q4. However, more

accurate quantitative analysis of these spectra is difficult

due to the amorphous nature of the sample and low signal-

to-noise ratio.

Analysing the 29Si MAS NMR spectra of the considered

glasses, it was found that as the amount of B2O3 increased at

the expense of the decreasing amount of MgO and CaO in the

composition of the glasses studied, the peaks tend to shift in

the direction of increasingly lower frequencies. In the case of
29Si MAS NMR spectra of the studied glasses, it was found

that in their structure there is a gradual transition of structural

units Q2 (- 85.9 ppm), through Q3 units (- 96.6 ppm) to Q4

units (- 100.5/- 106.9 ppm) with the highest degree of

polymerization. It means a clear polymerization of the silica

subnetwork, associated with the gradual transition of the

tetrahedras occurring in the central part of the silica chains to

the three-dimensional network elements. This situation was

confirmed both by the obtained peak position values and

their halfwidths (Table 4). This suggests that boron, which

gradually replaces the magnesium and calcium in the

structure of the glasses, occupies the Si–O- position and

creates Si–O–B connections.

11B MAS NMR

The 11B MAS NMR spectra of the analysed silicate–bo-

rate–phosphate glasses are reported in Fig. 8, and the

corresponding fitting parameters (chemical shifts, peak

widths and relative intensities) are shown in Table 5.

All analysed samples show a series of two resolved

bands, one wide in the region 0/- 17 ppm and the second

narrow in the region from - 17 to - 22 ppm (Fig. 8).

Chemical shift of the first band corresponds to boron in

tetrahedral coordination while the second one to boron in

trigonal coordination. Comparing the above results for

2B6P glass not showing phase separation in microscopic

observation (Fig. 1) with the results for liquation glasses

(from 12B6P to 25B6P, Figs. 2–4), it can be stated that the

increase in B2O3 content (up to 20 mol% B2O3) in the

composition of the examined glasses under examination

causes an increase in participation of boron atoms with

tetrahedral coordination in their structure, at the expense of

a decrease in the amount of atoms in trigonal coordination.

At the same time, decrease in the halfwidth of these bands

becomes visible, which in combination with a slight

chemical shift in the position of the bands in the direction

of lower chemical shifts (Table 5).

723 773 823 873 923 973 1023 723 773 823 873 923 973 1023

Temperature/K Temperature/K

DSC/mW mg– 1 DSC/mW mg– 1

2B6P

4B6P

8B6P

10B6P
25B6P

20B6P

15B6P

12B6P

10B6P

Tg

Tg
Tg

Tg

Tg

Tg

Tg

Tg
Tg

Tg
Tg

Tg

Tg

Tg

Tg

Exo Exo

(a) (b)

Fig. 9 DSC curves of the

analysed glasses a from 2B6P to

10B6P and b from 10B6P to

25B6P

2258 B. Łagowska et al.

123



In the context of the conducted MAS NMR studies on

the silico-oxygen and phospho-oxygen subnetworks, it can

be stated that in the analysed structure P–O–BIII, P–O–BIV

and Si–O–BIII and Si–O–BIV bonds are formed.

Glass transition effects

The results of DSC analysis indicate that the analysed

heated-up silicate-phosphate glasses, modified with the

addition of B2O3 (from 2 to 25% mol.), undergo the ther-

modynamic transformation characteristic for glasses, that is

glass transition and crystallization. The effect of chemical

composition of the examined glasses on the parameters

characterizing these phase transformations is showed in

Fig. 9. Simultaneously, DSC curves, with 10 mol% B2O3

content in the sample, show a double effect of glass tran-

sition, what confirms the phenomenon of phase separation

observed during microscopic observations (Figs. 2–4). Due

to difficult determination of the transformation temperature

(Tg) for both recorded glass transition effects of separated

phases, it was necessary to take advantage of first deriva-

tive of the DSC curve. The scheme of applied procedure is

presented in Fig. 10. The obtained results are summarized

in Table 6.

It was found that as more B2O3 was introduced into the

composition of the analyzed glasses, the transformation

temperature values (Tg) gradually decreased.

Recorded changes in the above parameter apply to both

glasses with and without phase separation. In the case of

glasses showing a double effect of glass state transforma-

tion, it was found that the values of Tg of the first of them

significantly shifted towards lower temperatures (temper-

ature drop by 126 �C), while the values of Tg of the second

separated phase were inconsiderable (temperature drop by

20 �C). At the same time, an additional DSC analysis of the

tested glasses was carried out in the field of glass state

723 773 823 873 923 973 1023

0.05
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0.01
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– 0.03

– 0.04

723 773 823 873 923 973 1023

Temperature/K

Temperature/K
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Exo
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DSC
DDSC

DSC
DDSC

Tg

Tg

[1]

[1]

Tg

Tg

[1]

[1]

(a)

(b)

Fig. 10 DSC and DDSC curves

of 15B6P a and 206P b glasses
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transformation at different heating rates (Fig. 11). This

allowed to determine an additional parameter in the form

of apparent activation energy (Ea) by using the Kissinger

method (Fig. 12). Determined values of apparent activation

energy indicate lower values for the transformation of the

glass state registered in lower temperature ranges

(Table 3).

The presented changes in the parameters characterizing

the glass transformation can be explained on the basis of

the nature of chemical bonds present in the tested glasses’

structure, the presence of which has been confirmed by

spectroscopic methods.

The characteristics of chemical bonds and interactions

of atoms in the structure of the analysed silicate–borate–

phosphate glasses were based on the parameter introduced

by Görlich [22]. These are ionicity of the chemical bond

(‘‘iG
’’ ), which is a measure of the elasticity of the vitreous

bond and the binding electron location parameter (‘‘L’’),

which is a measure of the rigidity of chemical bonds. In our

opinion, the first thermal effect Tg—occurring in lower

temperature ranges—comes from the borophosphate phase,

while the second—visible in higher temperature ranges—

from the borosilicate phase. Analysis of ionicity values of

chemical bonds for P–O (iG P–O = 0.314; L = 2.640) and

Si–O (iG = 0.428; L = 2.410) [22] clearly indicates that

lower value of elasticity of bonds will result in lower glass

transition effect values. The obtained values of apparent

activation energy and rigidity of chemical bonds (L) also

confirm the above considerations. The phase enriched in

silicon therefore has a Tg effect at higher temperatures

rather than a phase enriched in phosphorus, as it requires

higher activation energy values to initiate the process. On

the other hand, the glass framework rigidity increases due

to the fact that increasing amounts of boron with lower

ionicity of B–O bonds (iG B–O = 0.476; LB–O = 2.307)

introduced into the glass composition at the expense of

723 773 823 873 923 973 1023 723 773 823 873 923 973 1023
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10 °C/min

20 °C/min

30 °C/min

[1]

[2]

[3]

[4]

[1]

[2]

[3]

[4]

(a) (b)

Fig. 11 DSC curves at different

heating rates for a 8B6P and

b 25B6P glasses, showing the

shift of the temperature range

for glass transformation

Table 6 Thermal parameters of

the glass transition effect of the

analysed glasses

Sample Tg/�C Tg/K Ea/kJ/mol R2 Sample Tg/�C Tg/K Ea/kJ/mol R2

0B6P [13] 679 952 12B6P 1st Tg 614 887 69.72 0.89

2B6P 660 933 2nd Tg 642 915 70.11 0.89

4B6P 651 924 15B6P 1st Tg 606 879 46.62 0.87

8B6P 631 904 49.41 0.99 2nd Tg 634 907 66.23 0.93

10B6P 1st Tg 626 899 20B6P 1st Tg 556 829

2nd Tg 648 921 2nd Tg 629 902

25B6P 1st Tg 502 775 18.66 0.96

2nd Tg 628 901 63.94 0.99
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decreasing amounts of magnesium (iG Mg–O = 0.670;

LCa–O = 1.425) and calcium (iG Ca–O = 0.707; LCa–O-

= 1.425), with higher ionicity values of Mg–O and Ca–O

bonds. It results in significant structural stresses. As a

result, they may become more easily relaxed at much lower

temperatures, which in turn contributes to lowering the Tg

values (Table 3).

Conclusions

The main objective of this work was to study the influence

of various B2O3 content on the texture, structure and glass

transformation effect of glasses belonging to the SiO2–

B2O3–P2O5–K2O–MgO–CaO system. The increasing con-

tent of B2O3 introduced at the expense of the decreasing

content of MgO and CaO to the silicate–phosphate network

caused:

• the appearance of the binodal phase separation phe-

nomenon with an C 8 mol% of B2O3
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Fig. 12 Determination of

apparent activation energy

barrier for analysed silicate–

borate–phosphate glasses: a 1st

Tg effect, b 2nd Tg effect
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• the formation of P–O–BIII, P–O–BIV and Si–O–BIII and

Si–O–BIV bonds, at the expense of P–O–Mg(Ca) and

Si–O–Mg(Ca) bonds, resulted in formation of

borophosphate and borosilicate separated phases.

• the appearance of double glass transformation effect in

glasses containing C 10 mol% of B2O3

• a gradual decrease in the transformation temperature

(Tg) and in apparent activation energy (Ea) values,

which is in accordance with the nature of chemical

bonds present in the structure of analysed silicate–

borate–phosphate glasses.
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