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Abstract The aim of the study was an analysis of two

groups of glasses from the SiO2–P2O5–K2O–CaO–MgO

system with various content of network formers in the form of

P2O5 and SiO2, modified by the addition of ZnO. Their effect

on glass-forming ability, glass transition effect, crystallization

process and the kind of crystallizing phases was examined

using DSC and XRD methods. It was observed that in both

matrixes, the addition of ZnO decreases the glass transition

temperature (Tg). The lower Tg values observed in the phos-

phate matrix glasses and the accompanying higher values of

the changes in molar heat capacity (Dcp) in contrast to the

silicate matrix glasses may be considered an indicator of the

degree of the reconstruction of their amorphous structure,

which facilitates the process of their crystallization. It was

found that the crystallizing products of the silicate matrix

glasses were silicates and phosphates whose structure con-

tained zinc. In the phosphate matrix glasses, it was observed

that zinc inhibited the crystallization of silicate phases.

Keywords Silicate–phosphate glasses � ZnO � Glass

transition � Thermal stability � Crystallization

Introduction

Phosphate and silicate glasses containing zinc have been

studied intensively, because many of them have been found

useful for special applications.

Zinc phosphate glasses have been developed for use as

LED light sources [1, 2] and as substrates for optical

waveguides written by f-sec lasers [3–6]. Zinc phosphate

glasses also tend to have greater coefficients of thermal

expansion with low processing temperatures, which makes

them useful as sealing glasses [7, 8]. Because zinc is a trace

element that plays an important role in bone formation and

mineralization [9, 10], zinc-containing glasses and glass

ceramics have been developed for bone engineering appli-

cations [11–13]. Zinc has also been cited as a useful

antibacterial agent in glass-ionomer-based cements [14] and

ceramic coatings [15]. Thus, the addition of zinc to various

materials and their use in bone tissue engineering may have

important implications for appropriate integration into

implant sites with minimal bone infection risk, a compli-

cation often associated with the repair of skeletal defects.

It is a well-known fact that the ability to absorb com-

ponents that function as modifiers is much higher in the

phosphate matrix glasses than in the silicate matrix glasses.

The ability to take the amorphous form also depends on the

kind of introduced modifiers [16, 17]. The works [18–20]

show that it is possible to add up to 80 mol% of ZnO into

the structure of the glasses from the system P2O5–ZnO.

Examining the scope of forming silicate glasses modified

with ZnO, Kaur et al. [21] produced silicate glass with the

composition 40SiO2–30BaO–20ZnO–10B2O3(Al2O3), and

Hurt and Philips [22] introduced 35 mol% ZnO into the

structure of the glasses from the Na2O–ZnO–SiO2 system.

The research done by Minser et al. [23] shows that it is

possible to obtain fully amorphous glass from the Na2O–

ZnO–SiO2 system if it contains the addition of ZnO in the

amount of up to 30 % mol. The research on the glasses

with the composition (100-x)SiO2–7CaO–5K2O–19Na2O–

xZnO done by Chen et al. [24] indicates that adding over

19 mol% of ZnO causes their crystallization.
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There is little information in the literature about the

possibility of introducing zinc into the structure of silicate–

phosphate glasses. Goel et al. [25] introduced the additive

ZnO into the structure of glasses composed of 36.07CaO–

(19.24-x)MgO–xZnO–5.61P2O5–38.49SiO2–0.59CaF2, where

x B 10 mol%, produced in the traditional melting process,

and Aina et al. [26], employing the same method for

the synthesis, obtained fully amorphous glass containing

20.2 mass% ZnO and 37.3 % SiO2, 18.8 % Na2O,

18.9 % CaO, 4.5 % P2O5 (mass%). In the literature, there

are also references on the ability to form silicate–phosphate

glasses that contain ZnO and are precursors of glass–crys-

talline materials to which P2O5 was added as a nucleating

agent. An example is the work of Demirkesen et al. [27]

who obtained fully amorphous silicate glass with the com-

position 10Li2O–32ZnO–55SiO2–3P2O5 (mass%).

There is little information in the literature on the influ-

ence of the addition of ZnO on thermal properties of sili-

cate and phosphate glasses, and even less on silicate–

phosphate glasses.

The authors [28] examined the transformation of the

vitreous state of the glasses with the composition 50P2O5–

(40-xCaO)–10Na2O–xZnO, where x B 20 mol%. Their

research shows that adding increased amounts of ZnO

caused a linear decrease in the values of the transition

temperature (Tg) of those glasses. According to the authors,

it resulted from the formation of weaker Zn–O–P bonds

that replace Ca–O–P bonds and from the decrease in the

crosslink density of those glasses. Thermal test carried out

on the glasses with the composition (MnO)x�(P2O5)40�(ZnO)60-x

where x = 0–20 % mol. [29] showed that a gradual

decrease in ZnO content in the structure of the above-

mentioned glasses caused a slight decrease in the Tg, yet all

Tg values were close to 415 �C so zinc phosphate matrix is

poorly affected by the substitution of ZnO with MnO up to

20 mol%. On the other hand, thermal tests of glasses with

the compositions (50-x)ZnO�xMgO�50P2O5 (0 C x C 50)

and (60-y)ZnO�yMgO�40P2O5 (0 C x C 60) [30] indicate

that a gradual decrease in the content of ZnO and the

simultaneous increase in the content of MgO cause an

increase in the Tg value from *450 to *600 �C. Testing

glasses from the system Li2O–ZnO–Al2O3–SiO2,

Demirkesen and Maytalman [31] observed an increase in

the Tg value of the glasses parallel to the decrease in the

content of ZnO with the simultaneous increase in the

amount of the introduced Al2O3. This behaviour can be

attributed to strengthening of the bonds within the glass

network upon replacement of ZnO by Al2O3. The research

done by the authors [32] indicates that the increased

addition of ZnO into the structure of bioactive silicate–

phosphate glass from the SiO2–CaO–Na2O–P2O5–ZnO

system at the expense of the simultaneous decrease in the

content of CaO and Na2O does not cause major changes in

the Tg value or in the crystallization temperature of those

glasses.

The object of those studies was silicate–phosphate

glasses from the SiO2–P2O5–K2O–CaO–MgO system

which can act as slow-dissolving fertilizers providing plant

macroelements (P, K, Ca, and Mg) [33], as well as zinc

acting as microelement. Zinc plays an active role in many

life processes of plants, including the metabolism of car-

bohydrates, proteins, and phosphorus compounds. It also

influences the synthesis of auxins, regulates the formation

of ribosomes, and affects the permeability of cell mem-

branes [34].

The presented work includes the results of comparative

studies on the influence of the addition of zinc ions intro-

duced at the expense of the decrease in the amount of

calcium and magnesium on the glass-forming ability and

the thermal characteristics of the glasses from the above-

mentioned system, with different content of such network

formers as SiO2 and P2O5.

Experimental

Two groups of glasses from SiO2–P2O5–K2O–CaO–MgO

system differing in glass network formers content (the Si

group of glasses and the P group of glasses) modified by ZnO

addition were prepared. In each group of glasses, constant

quantities of SiO2, P2O5, and K2O were kept and increasing

amount of ZnO was introduced at the cost of decreasing

amount of MgO and CaO, with the constant MgO/CaO ratio.

The glasses were produced by melting the mixture of raw

materials, i.e. SiO2, (NH4)2HPO4, K2CO3, MgO, CaCO3,

and ZnO in platinum crucibles at 1100 �C (the phosphate

glasses) and at 1450 �C (the silicate glasses). The obtained

glasses were ground to 0.1- to 0.3-mm grain size.

The chemical composition of the synthesized glasses

was determined by the X-ray fluorescence spectrometry

(XRF) method, using the ARL Advant’XP spectrometer.

The X-ray diffraction method was used to confirm the

amorphous state of the samples using X’Pert Pro Diffrac-

tometer (Phillips) with a step of 0.008� and collecting time 45 s.

Thermal stability of the obtained glasses was determined

by DSC measurements conducted on STA 449 F3 Jupiter 7

(Netzsch) operating in the heat flux DSC mode. The tem-

perature and heat calibrations of the instrument were per-

formed using the melting temperatures and melting

enthalpies of high-purity aluminium, tin, zinc, silver, and

gold. The samples (*40 mg) were heated in platinum

crucibles at 10 �C min-1 in dry nitrogen atmosphere up to

1100 �C. The glass transformation temperature Tg deter-

mined as the midpoint of the cp changes in the glass
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transformation region and changes in specific heat (Dcp)

accompanying the glass transformation was determined by

applying the Netzsch Proteus Thermal Analysis Program

(version 5.0.0.). The ability of glasses to crystallize was

evaluated from the values of the thermal stability parameter

of glasses (DT) determined as:

DT ¼ Tonset � Tg

where Tonset is the onset temperature of the first crystal-

lization stage and Tg is the glass transition temperature of

the given sample.

The samples containing the particle size of 0.1–0.3 mm

were isothermally heated for 5 h at the crystallization

temperatures that were inferred from DSC measurements.

The temperature stability was better than ±5 �C. The

resulted crystalline phases were detected and identified by

XRD method.

Results and discussion

Homogeneous, transparent glasses were obtained from all

compositions studied. The nominal chemical composition

of the glasses determined by the X-ray fluorescence spec-

trometry (XRF) method is presented in Table 1.

The chemical analysis of the chosen glasses showed a

satisfying conformance of their assumed and real chemical

compositions. Therefore, it was assumed that the chemical

compositions of all melted glasses fulfil the assumptions.

Glass-forming ability

The XRD tests (Fig. 1) showed that all obtained glasses are

fully amorphous in the concentration range in question.

Hence, the solubility of ZnO in the structure of the glasses

from the SiO2–P2O5–K2O–CaO–MgO system in the

examined concentration range does not depend on the

content of network formers (SiO2, P2O5).

Glass transition

During heating and cooling, vitreous substances exhibit

glass transition effect which is induced by relaxation of

stresses being the consequence of a disordered arrangement

of the atoms forming the glass structure. The relaxation of

stresses in the glass structure taking place at transition

temperature (Tg) is related to a change in such properties as

heat capacity, linear and volume expansion coefficients,

and viscosity. Parameters characterizing the glass transition

effect depend on the nature and the number of components

forming the glassy structure.

The DSC tests showed that the increase in the addition

of ZnO into the structure of both glass groups causes a

gradual decrease in their Tg value (Fig. 2a, b). The Tg

values are higher by about 150 �C in the silicate matrix

glasses (41Si) (Fig. 3) than in the phosphate matrix glasses

(41P).

Regardless of the vitreous matrix, the decrease in the Tg

value was accompanied by a decrease in the Dcp value,

which was better visible in the glasses with the higher

content of SiO2 (Table 2).

The changes in the glass transition temperature values

(Tg) could be explained based on the nature of chemical

bonds in the structure of the glasses. The ionicity (iG) value

of the bonds of the component atoms with oxygen

according to Görlich’s scale [35] was applied as a param-

eter characterizing the strength of the bonds. It increases

with decreasing iconicity. Another parameter is the local-

ization of the bonding electron ‘‘L’’ = Zeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zeff1 � Zeff2

p

[35]. Its value increases with the covalence of the bonds

Table 1 Nominal chemical composition of glasses and determined by the X-ray fluorescence spectrometry (XRF) (in brackets) in mol%

Group of glasses Glass name SiO2 P2O5 K2O CaO MgO ZnO

The Si group 0Zn41Si 41 6 6 19 28

2Zn41Si 41 (37.6) 6 (5.7) 6 (7.5) 18 (19.1) 27 (27.8) 2 (2.3)

4Zn41Si 41 (37.9) 6 (5.6) 6 (7.5) 17 (18.0) 26 (26.7) 4 (4.3)

8Zn41Si 41 (38.0) 6 (6.1) 6 (7.3) 16 (17.2) 23 (23.1) 8 (8.3)

15Zn41Si 41 6 6 13 19 15

30Zn41Si 41 6 6 7 10 30

The P group 0Zn41P 6 (6.3) 41 (41.2) 6 (6.2) 19 (19.6) 28 (26.7)

2Zn41P 6 41 6 18 27 2

4Zn41P 6 (5.8) 41 (41.5) 6 (6.1) 17 (17.4) 26 (25.1) 4 (4.1)

8Zn41P 6 41 6 16 23 8

15Zn41P 6 (5.3) 41 (40.6) 6 (5.8) 13 (13.8) 19 (18.2) 15 (16.3)

30Zn41P 6 41 6 7 10 30
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with oxygen, and this parameter has been accepted as a

measure of the rigidity of the bonds. The more covalent

character of Zn–O bonds (iG = 0.639, L = 1.914) replac-

ing the more ionic bonds such as Ca–O bonds (iG = 0.707,

L = 1.725) and Mg–O bonds (iG = 0.670, L = 1.830)

made the glass structure more rigid the consequence of

which was increased stress in the glass. Its relaxation

required less energy and hence lower Tg value with the

increase in the content of ZnO in the structure of both types

of glasses. Simultaneously, due to the more covalent

character of P–O bonds (iG = 0.314, L = 2.640) compared

to Si–O bonds (iG = 0.428, L = 2.410), the phosphate

matrix glasses show lower Tg temperature values than sil-

icate matrix glasses. The relaxation of more stresses in the

structure of phosphate matrix glasses (41P) than in the

structure of silicate matrix glasses (41Si) was accompanied

by a slightly higher change in the Dcp parameter accom-

panying the transition of the vitreous state.

Crystallization

The thermal tests carried out on the analysed glasses

allowed to determine the influence of the increasing addi-

tion of ZnO and the network formers on their
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crystallization ability determined based on the DT parame-

ter (Table 2).

It was observed that the crystallization ability of the

phosphate matrix glasses (41P) modified by ZnO addition

is higher than crystallization ability of the silicate matrix

glasses (41Si). The crystallization ability of 41Si glasses

decreases with increasing amount of ZnO up to 15 mol%

addition, while the addition of 30 mol% of ZnO causes the

rapid reduction in DT parameter value.

In reference to the already conducted analysis of the atomic

reactions in the structures of the examined glasses, based on

the characteristic of the nature of the formed chemical bonds,

it should be noted that lower Tg values accompanied by higher

Dcp values that are related to the reduction in structural

stresses (breaking chemical bonds) are equivalent to the

higher level of reconstruction of the amorphous structure of

the glass which takes place before the crystallization process.

Hence, the phosphate matrix glasses have lower thermal sta-

bility and higher crystallization ability compared to the sili-

cate matrix glasses. The glass transition effect expressed with

such parameters asTg andDcp may be treated as an indicator of

the level of the reconstruction of the disordered structure of

glasses towards their crystallization [36].

The DSC curves of glasses (Fig. 2a, b) show that the

crystallization of the base glasses (0Zn) from the two

examined groups of glass was a multi-stage process with

four stages (Si group glass) and two stages (P group glass).

The introduction of the increasing amount of ZnO to the

composition of the studied glasses changed the character of

exothermal effects whose number was reduced and they

were overlapping.

The analysis of the crystallization products of the sili-

cate matrix glasses showed that the main crystallizing

phases found in the base glass (0Zn41Si) are orthophos-

phate of Ca9MgK(PO4)7 type and disilicate of CaMgSi2O6

type (Table 3).

It was found that the increasing amount of zinc ions in

the structure of those glasses facilitates the formation of

Ca9ZnK(PO4)7 orthophosphate during their crystallization

(Fig. 4). It was also observed that the increase in the

content of ZnO in the structure of the studied glasses

caused a diversification of crystallization products in the

form of silicates. Apart from CaMgSi2O6-type silicate

(diopside), the crystallization products included Mg2SiO4-

type orthosilicate (forsterite) and an orthosilicate contain-

ing zinc Zn2SiO4 (willemite).

The XRD study of the base glass with phosphate matrix

(0Zn41P) (Table 3) showed that the crystallization prod-

ucts of the glass are polyphosphate compounds composed

of KMg(PO3)3 and CaMgP2O7. The type of the formed

phosphate networks conforms to the structural classifica-

tion of phosphate glasses based on the O/P ratio [37]. In the

group of the tested phosphate matrix glasses, the O/P ratio

was 3.3, which conforms to the structures typical of meta-

and pyrophosphates.

The increase in the amount of ZnO up to 15 mol% apart

from the above-mentioned types of phosphates results in

the formation of pyrophosphates containing zinc, such as

K2ZnP2O7 (Fig. 5). For the glass 30Zn41P, there is no

evidence of crystallization of KMg(PO3)3 and CaMgP2O7

compounds, but apart from the formation of K2ZnP2O7, the

appearance of magnesium-rich metaphosphate of Mg2P4

O12 type was detected.

It should also be noted that the introduction of

increasing amounts of ZnO into the structure of phosphate

matrix glasses inhibits the crystallization of silicate phases.

It was found that the succession of the appearance of the

crystallization products in the form of phosphates and sil-

icates in the analysed glasses (Table 4) resulted from the

value of Gibbs free enthalpy in the formation of phosphates

and silicates from oxides (DG) which determines the

probability of their formation (Table 4).

Table 2 Thermal characteristic of the transition of vitreous state and the thermal durability of the glasses from the SiO2–P2O5–K2O–CaO–MgO

system modified with the addition of ZnO at the expense of the simultaneous decrease in the content of CaO and MgO

Glass name Tg/�C Dcp/J g-1 K-1 DT/�C Glass name Tg/�C Dcp/J g-1 K-1 DT/�C

0Zn41Si 697 0.31 81 0Zn41P 525 0.27 112

2Zn41Si 684 0.24 138 2Zn41P 518 0.29 109

4Zn41Si 678 0.26 144 4Zn41P 510 0.29 109

8Zn41Si 670 0.25 193 8Zn41P 501 0.33 109

15Zn41Si 657 0.19 242 15Zn41P 481 0.26 119

30Zn41Si 630 0.17 131 30Zn41P 438 0.23 120
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Table 3 X-ray characteristics of crystallization process of analysed

glasses

Glass name Tc/�C Crystalline phase (ICSD code)

0Zn41Si 786 Ca9MgK(PO4)7 (88-0798)

872 Ca9MgK(PO4)7 (88-0798)

935 Ca9MgK(PO4)7 (88-0798)

CaMgSi2O6 (03-0522)

1010 CaMgSi2O6 (03-0522)

Ca9MgK(PO4)7 (88-0798)

2Zn41Si 1000 Ca9MgK(PO4)7 (88-0798)

Ca9ZnK(PO4)7 (50-0344)

Mg2SiO4 (85-1346)

CaMgSi2O6 (03-0522)

4Zn41Si 1000 Ca9MgK(PO4)7 (88-0798)

Ca9ZnK(PO4)7 (50-0344)

Mg2SiO4 (85-1346)

CaMgSi2O6 (03-0522)

8Zn41Si 980 Ca9MgK(PO4)7 (88-0798)

Ca9ZnK(PO4)7 (50-0344)

Mg2SiO4 (85-1346)

CaMgSi2O6 (03-0522)

15Zn41Si 960 Ca9MgK(PO4)7 (88-0798)

Ca9ZnK(PO4)7 (50-0344)

Mg2SiO4 (85-1346)

Zn2SiO4 (37-1485)

30Zn41Si 820 Ca9MgK(PO4)7 (88-0798)

Ca9ZnK(PO4)7 (50-0344)

Zn2SiO4 (37-1485)

980 Ca9MgK(PO4)7 (88-0798)

Ca9ZnK(PO4)7 (50-0344)

Zn2SiO4 (37-1485)

0Zn41P 660 KMg(PO3)3 (18-1038)

CaMgP2O7 (24-0135)

970 CaMgSi2O6 (03-0522)

2Zn41P 664 KMg(PO3)3 (18-1038)

CaMgP2O7 (24-0135)

K2ZnP2O7 (34-0442)

4Zn41P 662 KMg(PO3)3 (18-1038)

CaMgP2O7 (24-0135)

K2ZnP2O7 (34-0442)

8Zn41P 635 KMg(PO3)3 (18-1038)

CaMgP2O7 (24-0135)

K2ZnP2O7 (34-0442)

15Zn41P 625 KMg(PO3)3 (18-1038)

CaMgP2O7 (24-0135)

K2ZnP2O7 (34-0442)

30Zn41P 593 K2ZnP2O7 (34-0442)

Mg2P4O12 (40-0067)

CaMgP2O7 (24-0135)
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Table 4 Values of DGf� of the formation of phosphates and silicates

crystallizing in analysed glasses [38]

Compounds DGf�/kJ mol-1

900 K 1000 K 1100 K

Ca9MgK(PO4)7 -18,846 -19,196 -19,563

Ca9ZnK(PO4)7 -18,622 -18,842 -19,343

Mg2P4O12 -8012 -8093 -8332

KMg(PO3)3 -5930 -5997 -6182

CaMgP2O7 -4695 -4746 -4875

K2ZnP2O7 -4253 -4316 -4459

CaMgSi2O6 -3271 -3311 -3354

Mg2SiO4 -2255 -2282 -2311

Zn2SiO4 -1782 -1815 -1846
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Conclusions

Thermal properties of SiO2–P2O5–K2O–CaO–ZnO glasses

with various contents of SiO2, and P2O5 were investigated.

The increased amount of ZnO-replaced MgO and CaO in

the structure of glasses with both silicate and phosphate

matrixes caused decrease in Tg temperature. The lower Tg

values observed in the phosphate matrix glasses and the

accompanying higher changes in molar heat capacity (Dcp)

in contrast to silicate matrix glasses may be regarded as an

indicator of the level of transition of their amorphous

structure, which facilitates their crystallization. It was

found that the increasing amount of zinc in the structure of

both groups of glasses facilitates the formation of complex

phosphates containing zinc, which took place during their

crystallization. On the other hand, the increasing amount of

zinc in the structure of the silicate matrix glasses caused

the diversification of crystallization products in the form of

silicates containing zinc in contrast to the phosphate matrix

glass in which the inhibiting effect of zinc on the crystal-

lization of the silicate phases was observed. The nature of

the studied thermal transitions is in accordance with the

kinds of bonds in the analysed glasses (crystallochemical

factors) and Gibbs free enthalpy of the formation of crys-

talline compounds (chemical affinity of the glass

components).
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