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Abstract.1 The phase composition of xerogel powders of 
the CaO–ZrO2–Nb2O5–SiO2 system after heat treatment at 
1273 K with different Nb2O5 content was established. The 
temperatures of the physical and chemical processes oc-
curring during the powders heating were determined. It 
was found that the complete replacement of ZrO2 by 
Nb2O5 resulted in the formation of niobium-containing 
phases with a change in the structure of the powders. 
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1. Introduction 
The treatment of patients with chronic periodontitis 

is an urgent problem of modern endodontics due to their 
widespread prevalence, frequent complications, and the 
lack of stable results after traditional treatment.1 Accord-
ing to numerous studies, the main principles of effective 
treatment of periodontitis destructive forms are a thorough 
instrumental and medicinal treatment of root canals with 
their further obturation with endohermetics. The purpose 
is to prevent microbial contamination and the influx of 
microbial factors into the surrounding tissues as well as to 
speed up the process of bone tissue restoration in the peri-
apical area. The success of endodontic treatment is possi-
ble with the high-quality hermetic filling of the entire 
branched root canal system to create a reliable barrier 
between the tooth cavity and the periodontal tissues.1 

Bioactive glass is of particular interest for use in en-
dodontics, because its chemical composition (compounds 
of silicon, sodium, calcium, and phosphorus) is similar to 
the mineral composition of human bones and dentin.2,3 
Taking into account the significant biocompatibility, regen-
erative and antimicrobial properties of this material, and the 
fact that it has been used for more than forty years, its range 
of applications in dentistry is still not sufficient. 
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The bioactive glass paste contains at least one type 
of calcium silicate and at least one substantially anhydrous 
liquid. The term “substantially anhydrous” means com-
pletely anhydrous or containing water in so small amount 
that the paste does not undergo hydration and setting 
when stored in a hermetically sealed state. The amount of 
water in the carrier should not exceed 20 % of the paste 
weight. 

Calcium silicate compounds, including mono-, di-, 
tricalcium silicate and their mixtures, can be used to make 
a paste. Ethyl alcohol, ethylene glycol, polyethylene gly-
col (PEG), glycerin liquid, glycerin, liquid organic acids, 
vegetable oil, animal oil, fish oil, and their mixtures are 
used as anhydrous liquid. The paste may contain water of 
hydration. The content of solid components in the paste is 
60–90 wt. %, and the content of liquid ones is 10–
40 wt. %. The amount of calcium silicate in the paste is on 
average from 30 to 70 wt. %. Other calcium compounds 
contained in the paste may include calcium oxide, hydrox-
ide, carbonate, sulfate, calcium phosphate, and their mix-
tures. Phosphate compounds can be introduced into the 
paste mainly through phosphates of calcium, magnesium, 
zinc, ferrum, sodium, potassium, nickel, zirconium, phos-
phoric acid, and organometallic compounds. Calcium 
phosphates include di-, tri-, tetra-calcium phosphate, and 
their mixtures. 

To improve the absorption of X-rays and, there-
fore, enhanced X-ray visualization, X-ray contrast materi-
als containing barium sulfate, oxides of zirconium, bis-
muth, tantalum, and their mixtures are introduced into the 
paste composition. Zirconium oxide is the most com-
monly added X-ray contrast compound.4 

Bioglass-based materials have pH > 7 and, accord-
ingly, antibacterial activity, improved radiopacity, bio-
compatibility, low shrinkage, and chemical stability in 
biological environments.5 The additional advantage of 
bioglass-based materials is that they promote the forma-
tion of hydroxyapatite, which ultimately improves the 
bond between the dentin and the root canal space-filling 
material during the curing process.4,6–8 

However, traditional bioglass-based materials also 
have certain disadvantages, such as difficulties in working 
with them, high cytotoxicity in the freshly mixed state, a 
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long setting and curing time, which requires a correspond-
ing moist environment. Moreover, one of the disadvan-
tages of bioglass-based materials is that they are difficult 
to remove from the root canal if repeated endodontic 
treatment is required.9 

Thus, the incorporation of new compounds into the 
composition of bioglass-based endohermetics makes it 
possible to improve the properties of these materials and 
eliminate their disadvantages.10 

In this regard, the development of new bioglass-
based materials for the obturation of root canals is a topi-
cal scientific research to improve the effectiveness of the 
treatment of pulp and periodontal diseases. 

Taking into account the results of the chemical 
analysis of the commercial powders SURE-SEAL 
ROOT™ (SureDent, Korea) and BIO-C SEALER (Ange-
lus, Brazil), the CaO–ZrO2–SiO2 system was taken as a 
basis. A large number of publications11-15 on the effect of 
Nb2O5 on glass properties focused our attention on the 
partial replacement of ZrO2 with Nb2O5 in existing com-
positions. Thus, the authors claim that the physical and 
optical properties of the sodium borosilicate glass are 
changed depending on the Nb2O5 content in its composi-
tion,13 namely, with an increase in the Nb2O5 content, the 
glass transition temperature and glass density increase. 
The introduction of Nb2O5 into the composition of quartz 
glass leads to a shift of the characteristic thermal effects to 
the region of lower temperatures and an extension of the 
crystallization range.14 

Scientists are interested in Nb2O5 not only in the 
cases of its use in the compositions of glass and crystalline 
oxide powders but also in the course of the sol-gel process 
with its participation. In this regard, the study of the proc-
esses that occur during the heat treatment of gels of the 
CaO–ZrO2–Nb2O5–SiO2 system is relevant. 

The research aims to evaluate the effect of stepwise 
replacement of ZrO2 by Nb2O5 on phase formation and to 
qualitatively determine the type of crystalline phases dur-
ing heat treatment of sol-gel powders. 

2. Experimental 

The CaO–ZrO2–Nb2O5–SiO2 system, the powders 
of which were prepared by the sol-gel method, was cho-
sen as the basis for the research. Crystal hydrates of cal-
cium salts (Ca(NO3)2∙4H2O), zirconium (ZrOCl2∙8H2O), 
niobium chloride NbCl5, and ETS-40 were used as initial 
reagents. All substances were of chemically pure (CP) 
grade. 

To obtain ETS-40 hydrolyzate, acidic sols were 
prepared, in which the concentrated nitric acid of the CP 
grade served as an acid catalyst in the amount of 0.6 wt. % 
relative to the total content of ethyl silicate and water, 

which ensures the solution pH of 1–2. To reduce the exo-
thermic effect and the possibility of the most complete 
course of the hydrolysis process, the initial components 
were cooled to a temperature of 278–283 K. The detailed 
method of conducting hydrolysis is given in our previous 
work.16 

Crystal hydrates of calcium and zirconium salts 
were dissolved in distilled water. Niobium chloride is 
insoluble in water, so to obtain a homogeneous solution a 
mixture of two organic solvents, namely acetone and iso-
propyl alcohol in a ratio of 1:1 (v/v) was used. 

The resulting salt solutions were mixed in a certain 
stoichiometric ratio at room temperature and added drop-
wise to the ethyl silicate hydrolyzate under constant stir-
ring on a magnetic stirrer for 0.5 h. The resulting solution 
was left for  “maturation” until it completely turned into a 
gel, which was then dried at (373±5) K to obtain a xe-
rogel. Heat treatment of xerogels was carried out at tem-
peratures from 873 to 1273 K with isothermal exposure 
for 2 h. 

Research on the processes of xerogels thermal de-
composition was carried out using a Q-1500D deriva-
tograph of the “Paulik-Paulik-Erdei” system connected to 
a personal computer. The samples were analyzed in the 
temperature range of 293–1273 K in the dynamic mode 
with a heating rate of 10 K/min in an air atmosphere. The 
reference substance was aluminum oxide. The weight of 
the samples was 100 mg. 

X-ray phase analysis of the synthesized powders 
was carried out according to diffractograms obtained on a 
modernized DRON-3M diffractometer using CuKα radia-
tion (λ = 1.54185 Å). 

Electron microscopic studies were carried out using 
a SEM-16Y scanning electron microscope (Selmi). To 
increase the conductivity of the samples, a copper conduc-
tive film was applied to their surface by the thermovac-
uum sputtering method. The film thickness was no more 
than 50 nm. Microphotographs were processed using 
computer morphometry. 

3. Results and Discussion 

To choose the optimal conditions for the synthesis 
of powders of the CaO–ZrO2–Nb2O5–SiO2 system, a 
thermal analysis of xerogel samples of the nominal com-
position 20SiO2∙40CaO∙(40-х)ZrO2∙хNb2O5 was per-
formed, where x = 1.0; 3.0; 5.0; 10.0; 20.0; 30.0; 40.0 
(Fig. 1). The results of their complex thermal analysis are 
shown in the form of thermograms in Fig. 2, which in-
clude thermogravimetry (TG), differential thermogravim-
etry (DTG), and differential thermal analysis (DTA). 



Peculiarities of Phase Formation in Sol-Gel Powders of the СaО–ZrO2–Nb2O5–SiO2 System 497 

 

1 – ZN-1 
2 – ZN-3 
3 – ZN-5 
4 – ZN-10 
5 – ZN-20 
6 – ZN-30 
7 – ZN-40 

 
Fig. 1. Compositions of xerogel powders of the CaO–ZrO2–

Nb2O5–SiO2 system 
 
Thermal characteristics of samples ZN-1 and ZN-3 

are similar. Thermolysis of the samples can be condition-
ally divided into five stages (Table 1). 

Intensive mass loss of samples ZN-1 and ZN-3 oc-
curs during the first three stages to the temperatures of 853 
and 833 K, respectively. At the first stage of thermolysis in 
the temperature range of 343–473 K, significant mass loss 
is associated with the release of physically bound water, 
which is present in xerogels. In this case, mass loss is 
23 wt. % for sample ZN-1 and 13 wt. % for ZN-3. This 
process is accompanied by rapid extrema on the DTG 
curves (tmax = 433 K) and the appearance of deep endo-
thermic effects on the DTA curves (Fig. 2a,b) with maxima 
at temperatures of 453 K (ZN-1) and 443 K (ZN-3). 

In the temperature range of 473–673(693) K, at the 
second stage of thermolysis, the release of crystallization 
water from calcium nitrate crystal hydrate and  thermooxi- 

dative destruction of the organic component of the studied 
samples take place. They are accompanied by the mass 
loss of 17 wt. % and the appearance of inflections on the 
DTA curves with a maximum at a temperature of 633 K. 
At the same time, the DTA curves of both ZN-1 and ZN-3 
samples show the transition of the endothermic effect to 
the exothermic one with a maximum at 583 K and 598 K, 
respectively. 

At the third stage of thermolysis, in the temperature 
range of 693–853 K (sample ZN-1) and 673–833 K (sam-
ple ZN-3), the decomposition of calcium nitrate occurs 
and, accordingly, the release of gaseous decomposition 
products NO2 and O2. These processes correspond to the 
intense mass loss of the samples (19 and 17 wt. % for ZN-
1 and ZN-3, respectively) on the TG curves, a clear ex-
tremum on the DTG curves with a maximum at 773–
783 K, and the appearance of a deep endothermic effect 
with a maximum at 783–793 K on the DTA curves. 

At temperatures above 823 K, at the fourth stage of 
thermolysis, the DTA curves deviate toward the region of 
exothermic effects with a maximum at 883 K (ZN-1) and 
853 K (ZN-3). Since there is no change in the mass loss of 
the samples in the temperature ranges of 853–1003 K 
(ZN-1) and 833–993 K (ZN-3), these exoeffects can be 
obviously attributed to the ZrO2 crystallization process. 

With a further increase in temperature to 1273 K, at 
the fifth stage of thermolysis, the mass loss of the samples 
is insignificant (Δm = 3–5 wt. %), which probably corre-
sponds to the final combustion of the carbonized residue 
of the xerogel samples. 

 

Table 1. Thermogravimetric analysis of xerogels of the CaO–ZrO2–Nb2O5–SiO2 system 
Sample Stage of thermolysis Temperature range, K Mass loss,  % 

І 343–473  23 
ІІ 473–693 17 
ІІІ 693–853 19 
IV 853–1003 0 

ZN-1 

V 1003–1273 3 
І 343–473 13 
ІІ 473–673 17 
ІІІ 673–833 17 
IV 833–993 0 

ZN-3 

V 993–1273 5 
І 343–473 19 
ІІ 473–713 18 
ІІІ 713–813 13 
IV 813–913 0 

ZN-10 

V 913–1273 5 
І 363–513 20 
ІІ 513–733 13 
ІІІ 733–823 0 
IV 823–1193 12 

ZN-40 

V 1193–1273 0 
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а)  b)  

  

с)  d)  
 

Fig. 2. Thermogravimetric analysis of xerogel powders of the CaO–ZrO2–Nb2O5–SiO2 system:  
ZN-1 (a); ZN-3 (b); ZN-10 (c) and ZN-40 (d) 

 
Let us note that the DTA curves of the ZN-1 and 

ZN-3 samples show thermal effects corresponding to 
crystallization processes. The maximum of exothermic 
effect for the ZN-1 sample is observed at a temperature of 
1073 K, and for the ZN-3 sample – at 1173 K. In our 
opinion, these data indicate the possible crystallization of 
2CaO∙SiO2. 

The thermal processes which occur at various 
stages of the ZN-10 xerogel thermolysis (Fig. 2c) are 
similar to those in the ZN-1 and ZN-3 samples. However, 
it is worth noting that all processes are shifted towards 
lower temperatures, which is probably due to a somewhat 
smaller amount of organic components in the xerogel 
compositions. 

The total mass loss of ZN-1, ZN-3, and ZN-10 
samples is 62, 52, and 55 wt. %, respectively. 

If ZrO2 is completely replaced by Nb2O5 in the 
composition of the ZN-40 xerogel, a slightly lower mass 
loss is observed (Δm = 45 wt. %). As can be seen from the 

obtained TG curves (Fig. 2d), at the first stage of thermo-
lysis in the temperature range of 363–513 K, there is a 
significant loss of sample mass (Δm = 20 wt. %), which is 
associated with the release of physically bound water. 
This process is accompanied by a deep extremum on the 
DTG curve (tmax = 443 K) and the appearance of an endo-
thermic effect on the DTA curve with a maximum at a 
temperature of 433 K, which, in turn, gradually transfers 
into an exoeffect with a maximum at a temperature of 
538 K. At the same time, at 513–733 K an intensive loss 
of the xerogel mass continues to take place, which is asso-
ciated with the annealing of the organic component 
(Δm = 13 wt. %). The endothermic effect, which is mani-
fested in the temperature range of 623–753 K with a 
maximum at 713 K, corresponds to the process of calcium 
nitrate decomposition and the release of volatile products. 
In the temperature range of 753–823 K with a maximum 
at 788 K, crystallization processes take place, which are 
accompanied by the appearance of a clear exothermic 
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effect on the DTA curve, without loss of sample mass. 
With a further increase in temperature to 1273 K, a mo-
notonous mass loss is observed, which is 12 wt. %. At the 
same time, at the temperatures from 873 to 1223 K, the 
DTA curve has several inflections with maxima at the 
temperatures of 923, 1038, and 1148 K, which is probably 
related to the thermo-oxidative destruction of the organic 
component of the sample. 

Using X-ray phase analysis, it was found that the 
ZN-1 sample heat-treated at a temperature below 873 K is 
an X-ray amorphous material. For the samples ZN-1 and 
ZN-3 the increase in processing temperature to 873 and 
973 K results in the formation of reflections on the dif-
fractograms belonging to ZrO2 in the tetragonal modifica-
tion, however, the nature of the diffractograms indicates 
its crytocrystalline structure (Fig. 3). During further an-
nealing of the powders up to 1073 K, a slight narrowing of 
the diffraction peaks corresponding to ZrO2 is observed. 
This is caused by the improvement of the material degree 
of crystallinity. At the same time, weak maxima corre-
sponding to the crystalline phase of dicalcium silicate 
2CaO∙SiO2 appear on the diffractograms. The increase in 
processing temperature to 1173 K results in the intensity 
increase of all diffraction maxima. It should be noted that 
the peaks belonging to 2CaO∙SiO2 are more intense for 
the ZN-1 sample compared to ZN-3. 

A significant improvement in the structure of both 
ZrO2 and 2CaO∙SiO2 occurs only after samples annealing 
at 1273 K. An important point during the heat treatment of 
xerogels can be considered the crystallization of dicalcium 
silicate 2CaO∙SiO2, the presence of which is desirable in 
dental compositions. 

It is worth noting that the size of the formed crys-
tallites, calculated according to Scherer's formula, is ap-
proximately 20 nm. 

A comparative evaluation of the results of X-ray 
phase analysis of ZN-1 and ZN-3 samples showed that 
there is no significant difference between them, and the 
introduction of niobium oxide into the composition of sol-
gel powders in the amount of up to 3 wt. % practically 
does not affect the phase and structure formation of the 
powders. 

To study in detail the Nb2O5 effect on phase forma-
tion, the obtained gels were annealed at a temperature of 
1273 K with isothermal holding for 2 h. 

A detailed analysis of the diffractograms of all in-
vestigated powders makes allows us to assert the follow-
ing: when ZrO2 is replaced with niobium oxide Nb2O5 in 
the amount of 5 wt. % (sample ZN-5), the phase forma-
tion changes slightly (Fig. 4). Thus, the formation of 
2CaO∙SiO2 is not observed in the system; instead, the 
crystallization of dicalcium niobate 2CaO∙Nb2O5, silica 
takes place. ZrO2 remains the main crystalline phase. 

 

  

а) b) 

Fig. 3. Change in the phase composition of powders of the SiO2-СаО-ZrO2-Nb2O5 system:  
ZN-1 (a) and ZN-3 (b) with temperature 



Iryna Lutsyuk et al.   500 

Increasing the Nb2O5 content in the system to 
10 wt. % does not qualitatively affect the change of crys-
talline phases (sample ZN-10). However, there is a 
strengthening of the lines belonging to 2CaO∙Nb2O5. The 
lines corresponding to the ZrO2 and SiO2 content are 
weakened, which probably indicates the predominant role 
of dicalcium niobate in the powder structure. A similar 
pattern is observed for the Nb2O5 content of 20 wt. % 
(sample ZN-20). 

The introduction of Nb2O5 in the amount of 
30 wt. % (sample ZN-30) results in the formation of a 
multiphase system, containing apart from constantly pre-
sent ZrO2, a far less amount of niobium-containing phases 
2CaO∙Nb2O5 and Ca6.5Nb1.5(Si2O7)2О4. The crystallization 
of a new CaZrO3 phase is observed as well. 

In the case of the ZrO2 complete replacement with 
Nb2O5 in the amount of 40 wt. % (sample ZN-40), a radi-
cal change in the phase composition of the powder takes 
place. The main crystalline phases are dicalcium niobate 
2CaO∙Nb2O5, monocalcium niobate CaO∙Nb2O5, and 
metacalcium silicate CaSiO3. 

The change in the phase composition of the pow-
ders of the CaO–ZrO2–Nb2O5–SiO2 system during heat 
treatment at 1273 K is shown in Table 2. 

According to the SEM results, the microstructure 
of the ZN-1 sample obtained at a temperature of 1273 K is 
characterized by the presence of well-defined needle crys-
tals of ZrO2 badeleite (Fig. 5a). The size of the needles is 
in the range of 5 to 15 μm. The remaining crystalline 
phases of the sample are fixed in an undefined form. 

 

Table 2. The composition of the crystalline phases of xerogels of the system 20SiO2∙40CaO∙(40-x)ZrO2∙xNb2O5  
after heat treatment (T = 1273 K, τ = 2 h) 

ZN-1 ZN-3 ZN-5 ZN-10 ZN-20 ZN-30 ZN-40 

ZrO2 
2CaO·SiO2 

ZrO2 
2CaO·SiO2 

ZrO2 
2CaO·Nb2O5 

SiO2 

ZrO2 
2CaO·Nb2O5 

SiO2 

ZrO2 
4CaO·Nb2O5 

SiO2 

ZrO2 
Ca6,5·Nb1,5·(Si2O7)2О4 

СаZrO3 
2CaO·Nb2O5 

2CaO·Nb2O5 
CaO·Nb2O5 
CaO·SiO2 

 

 
 

Fig. 4. Diffractograms of powders of the SiO2-СаО-ZrO2-Nb2O5 system.  
Heat treatment parameters (T = 1273 K, τ = 2 h)

2θ/degree 
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а) b) 

Fig. 5. Electron micrographs of ZN-1 (a) and ZN-40 (b) structures 
 
The ZN-40 sample (Fig. 5b) is characterized by a 

structure consisting of separate aggregate blocks formed 
by parallel-oriented layers. Such a layered structure has 
the appearance of scales without a clearly defined shape 
and is characteristic of dicalcium niobate. The spaces 
between individual layers are filled with smaller crystals 
of 1 to 2 μm in size. 

4. Conclusions 

Taking into account the positive effect of niobium 
oxide on the properties of glass and medical oxide pow-
ders of the CaO–ZrO2–Nb2O5–SiO2 system, they have 
been modified with Nb2O5 to improve their performance. 

The crystallization temperature of powders ob-
tained from xerogels by sol-gel technology was found to 
begin at 873 K with the formation of ZrO2 as the main 
phase. An increase in the processing temperature contrib-
utes to the formation of an additional crystalline phase – 
calcium silicate. X-ray phase analysis showed that the 
introduction of niobium oxide into the composition of gels 
in the amount of 5 wt. % changes the qualitative phase 
composition of the powders, in particular, the formation of 
niobium-containing phases, namely dicalcium niobate 
2CaO∙Nb2O5. When ZrO2 is completely replaced with 
Nb2O5, mono- and dicalcium niobate as well as wollaston-
ite CaO∙SiO2 are crystallized. 

Differential thermal analysis of the powders 
showed that the increase in the Nb2O5 amount decreases 
the intensity of ZrO2 crystallization, and its crystallization 
temperature shifts to lower values. 

Additional studies of powders with different 
amounts of Nb2O5 will make it possible to recommend 
individual compositions for effective use in dentistry. 
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ОСОБЛИВОСТІ ФАЗОУТВОРЕННЯ В ЗОЛЬ-ГЕЛЬ 
ПОРОШКАХ СИСТЕМИ СаО–ZrO2–Nb2O5–SiO2 

 
Анотація. Встановлено фазовий склад порошків ксеро-

гелів системи СаО–ZrO2–Nb2O5–SiO2 після термооброблення за 
1273 К із різним вмістом Nb2O5. Визначено температури 
фізико-хімічних процесів, що відбуваються під час нагрівання 
порошків. Встановлено, що за повної заміни ZrO2 на Nb2O5 має 
місце утворення ніобійвмісних фаз зі зміною структури 
порошків. 

 
Ключові слова: фазоутворення, золь-гель технологія, 

ніобію та цирконію оксиди, порошки. 
 


