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Jocaidxceno moxcausicmo 3MiyHeHHs CKIO-
Kpucmaniynux noxpummie npu 00HOMACHIU Ol
mpvox eéuodie mooudixamopie (Zn0, Ti0,, Sn0>).
Excnepumenmanvio 6useneno eniue KonyeHmpa-
Uil K0JHCHO020 3 MPLOX OKCUOIB-MOOUpiKxamopie na
da3zosi nepemesopenns nokpummis 6 npoyeci mep-
M006poOKU. 3anpononosano mexanizm oii oxcuodie-
Moouixamopie nHa ymeopenns ma 3pocmam-
Ha 3apoodxie kpucmanie ompumanux pas. Tonxi
Kpucmaniuni pasu, axi immooiizoeani 0o ckaoma-
mpuyi, cnpusiioms YymeopenHio 00HOPIOHOi cuma-
n0n00ionoi cmpyxmypu. Ipu yvomy docsieacmovcs
cniemipHicmo wacmox, aKa 00360J€ 00epicamu
mamepiag i3 6UCOKUMU MIYHOCHUMU 1 MePMOMeEXa-
HIMHUMU 8]1ACMUBOCHAMU

Knouoei cnosa: cxnomampuus, oxcuou-moou-
dixamopu (Zn0, TiOs, Sn0y), monki Kpucmaniv-
Hi (hazu, MIUHOCHI | MepMOMeXaHIUHI 81ACMUBOCHE

=, u |

Hccnedosana 603moscnocms ynpounenus
CMEKNOKPUCMATIUMECKUX NOKPLMULL Npu 00HO-
eépemennom delicmeuu mpex 6u008 moouduxamo-
pos (Zn0, Ti0y, Sn03). IxkcnepumeHmarbHo BbLs16-
JIeHO GUAHUE KOHUESHMPAUUU Kaxnc00zo u3 mpex
Moodupurxamopos na pazoevie npespauienus 6 npo-
uecce mepmoobpadomxu noxpvimuii. Ilpednoscen
Mexanusm oOelicmeus 0Kcuo08-moouPuramopos
Ha o0pasosanue u pocm 3apoovluieli KPUCMANILO08
obpasyrowuxca ¢gas. Touxue rxpucmannuueckue
Qasvl, Komopvie UMMOGUNUZ0BAHBL 6 CMEKIIOMA-
mpuuy, cnocoocmeyrom 06pazoeanuio 00HOPOOHOU
cumannonodoonoi cmpyxmypol. lpu smom docmu-
2aemcs copasmMepHOCmb 4ACMUY, NO3BOAAIOUAS
NOJY UMb MAMEPUATL C BLICOKUMU NPOUHOCHIHLIMU
U MEPMOMEXAHUMECKUMU CBOUCBAMU

Kmiouesvie cnosa: cmexnomampuua, oxcuobv-
Mmoouuxamopot (Zn0, Ti0,, Sn0,), monxue Kpu-
cmannuueckue pasol, NPOUHOCHHBLE U MEPMOME-
xXanuveckue ceoﬁcmm:z:

1. Introduction

Glass-crystalline coatings with increased strength are a
new class of high resource materials, characterized by unique
technological and operational properties. Microstructure of
these materials is determined by technological parameters
of their obtaining, by the type of modifying additives, even
distribution of phases in a glass matrix.

Introduction of modifying additives affects primarily
regulation of the processes of phase creation, obtaining of
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microcrystalline dense structure of the material with the
required strength of glass matrices.

Aspecial place in the creation of high-strength glass-crys-
talline coatings is taken [1] by the compounds of refractory
d-transitive metals of groups 11, IV of the periodic table of
elements.

This is linked to the peculiarities of their crystallochem-
ical structure:

— these metals lack electrons on the internal s, p and
d-orbitals; this leads to the fact that they can easily take




away electrons from any source, which might be inter-
nodular atoms of oxygen;

— most transitive metals have large enough atomic re-
sources and during formation of compounds with non-metal
atoms may be subject to the Hagg’s rule [2]. According
to the rule, the ratio of the radii of atoms of non-metal to
metal must be less than the value of 0.59. Compounds of
metals of groups 11, IV with oxygen can be considered as the
most resistant (in terms of thermodynamics) material for
glass-crystalline coatings.

In this regard, the relevance of this work consists in the
management of the process of controlled volumetric crystal-
lization for obtaining coatings with microstructure, which
provides high strength and thermomechanical properties.

2. Analysis of scientific literature and
the problem statement

Strength is the most important characteristic of materi-
al. In glass-crystalline materials it is usually larger than in
glass. Larger strength of glass-crystalline materials is due to
their high module of elasticity ((8—14)-10* MPa) compared
with glass (7101 MPa). Larger strength of glass-crystal-
line materials is due to the presence of homogeneous fine-
grained microstructure, which takes on the role of the frame
of rigidity [3]. Formation of microstresses in the volume
of glass-crystalline material leads to the occurrence and
increase of microcracks. Average size of microcracks and
mechanical strength are determined by the structure of
glass-crystalline material. With even distribution of crys-
tals in the volume of glass material with sufficiently large
volume of a crystalline phase, the size and distribution of
microcracks can be limited by the space between crystals.
The same mechanism for “blocking” cracks by the obstacles
is applied in sitalls. But if the degree of crystallizing for
sitalls may amount to 60+90 %, then for glass-crystalline
coatings an optimal quantity of crystalline phase should be
in the range of 30+55 % [4], which is why the properties of
glass-crystalline coatings depend on the number and type of
phases that are formed.

As far as the influence of individual components on the
degree of crystallization is concerned, there is no consensus
of researchers; the unequivocal conclusion is only that the
increase in the rate of formation of crystallization nuclei and
decrease in the rate of their growth occur when catalysts of
crystallization are introduced to the composition of mod-
ifiers. Crystal phase can consist of crystals of one or more
types, defined by both chemical composition of glass and
the conditions of its thermal treatment. Using glassy oxygen
silicon grid of oxides of sp-elements, including ZnO, TiO,,
SnO», as modifiers will help control creation of dense struc-
ture of the material, which must differ by increased strength.
The mechanism for strengthening of the original frame of a
glass matrix comes down to embedding (intercalation) of
modifying groups of the type [ROy] to cybotaxic associa-
tions of short-range order and the beginning of formation
of the nuclei of a new crystalline phase of the type of solid
solutions. The strengthening or loosening of the structure of
a glass composition as a whole depends on how dimensions
of the embedded group deviate from the main grid of glass (a
greater or lesser side) [5].

There has been growing interest recently in tin dioxide
as a component, which plays various role in the compositions

of silicate glasses. The authors [6, 7] obtained optically
transparent monodispersed glassceramic with high density.
The issue of the role of SnO» in silicate systems and its influ-
ence on the physic-chemical and crystallizing properties is giv-
en little attention in the scientific literature. The papers [8, 9]
provide data on the impact of SnO, on the processes of liquation
and crystallization. It was found that SnO; can not isomor-
phically replace SiOs in the structure of silicate glass, which
is why it easily forms a separate phase — cassiterite — during
crystallization. The contribution of SnO, to the indicators
of properties of glasses is quite complicated and depends on
the coordination state of tin, which, in turn, is determined
by its concentration, conditions of synthesis and composition
of glasses. In accordance with the correlation rule of ionic
radii of cations and anions, it is possible for the ion [SnO]**
to have both four and six coordination, but the size of the
tetrahedron [SnOy] is considerably larger than the size of
the tetrahedron [SiOy], so embedding of the groups [SnO]
to oxygen silicon grid is problematic, even very limited. The
more stable is the six coordination [SnO]%*, as a result of
which SnOs is easily released from the melt as in the form
of crystals of cassiterite [8]. These studies are performed
with regard to the fact that glass-crystalline materials are
obtained on their basis to create products, the main require-
ments to the technologies of which are provision of high
speed of forming the defined phases and finely crystalline
structure at relatively low (up to 1200 °C) temperatures.

Still unsolved part of the problem is identifying the in-
fluence of compositions of certain oxides-modifiers on the
processes of phase creation and microstructure when obtain-
ing high-strength glass-crystalline coatings.

3. The purpose and objectives of the study

The purpose of the study is to obtain high-strength
glass-crystalline coatings by the directed process of phase
creation and formation of microstructure when using three
types of additives.

To achieve the set goal, the following tasks are to be
solved:

— to determine the effect of modifying components con-
taining ZnO, TiOy, SnO,, and examine concentration limits
of their presence in the compositions of glass-crystalline
coatings;

— to determine peculiarities of formation of phase com-
position and microstructure of coatings and their influence
on the characteristics of strength.

4. Materials and methods of the study of physical and
mechanical properties of glass-crystalline coatings

When designing glass compositions, to optimize their
formulations by the criterion of the largest inclination to
crystallization, the calculation method of forecasting crys-
tallizing capacity of glasses by the set of structure-sensitive
coefficients was used [10].

The measurements of strength limit at bending was car-
ried out on the samples in the form of parallelepipeds with
dimensions 35x70x10 mm at the laboratory device MII-100.
In the moment of destruction of the sample at its bending we
recorded its destructive force and calculated bending tensile
strength by the following formula:
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where P is the destructive force at the moment of bending, H;
| is the distance between supporting prisms, mm; b is the
width of the studied sample, mm; h is the thickness of the
studied sample, mm.

Temperature coefficient of linear expansion (TCLE)
was determined at the vertical quartz dilatometer DKV-5a,
using the samples of 50 mm in length and 3 mm in diameter
in the temperature range of 20—600 °C. The values of TCLE
were calculated by the formula:
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where 1 is the length of the sample at room temperature;
Alyis the change in the length of the sample; (t—20) is the
difference between final and initial temperatures of the
interval; k is the correction for expansion of parts of
dilatometer of quartz glass.

Determining thermal resistance of the coatings was
conducted according to DSTU B V.2.7-118-2002 on ceramic
samples with coating by heating from 125 °C (for 30 min-
utes) with increasing the temperature after every 25 °C with
subsequent cooling in water of the temperature 20 °C for
10 minutes. A coating is considered thermally resistant if
no damage to the surface is revealed after testing. The final
temperature reached when tested is the measure of crack
resistance of the coating.

Microhardness of glass-crystalline coatings was deter-
mined at the device PMT-3 by the method of pushing a dia-
mond pyramid into the surface of the coating and subsequent
calculation of the value of microhardness by the imprint that
remained on the surface of the sample [11].

Phase composition of the coatings was determined using
the method of X-ray phase analysis (XPA) using the diffrac-
tometer DRON-3M with CuKo-radiation and nickel filter
at standard conditions of its work. To identify the phases, we
used the American database [12].

Petrographic studies were carried out on the polished
ground joints (polished sections) in the retracted light un-
der the microscope NU-2E with the magnification 80—-320%
and in immersion preparations in transmitted polar-
ized light under the microscope MIN-8 with the magni-
fication 100-480%.

To calculate the viscosity (Ig(m)), surface tension (¢) and
TCLE of the model glass compositions, the Delphi-based
software program “Properties of glaze “ [13] was developed
at the Department of Ceramics (Kharkiv, Ukraine), which
allows calculating these properties by the chemical compo-
sition of the coating.

5. Results of the study of influence of
modified glass matrices on the formation of phases and
structural organization of coatings

The output glass matrix was synthesized by the technol-
ogy of coatings and limited by the content of oxides, mass %:
Al,O3 — 12,5+17,5; SiOy — 43,5+53,5; R,O in the amount
of 5.5 mass % and RO in the amount of 8.5 mass %. The
compounds of intercalation of the elements of groups II and
IV were chosen [14] as modifiers, whose characteristics are
given in Tables 1, 2.

Based on the data specified in tables, and in accordance
with the Hagg’s rule, intercalations are the phases of variable
composition and their corresponding chemical formulas usu-
ally characterize the maximum content of metalloids in them.
Based on the phases of intercalation, solid solutions with de-
fective lattice are easily formed. High strength of these phases
is explained by the large strength of inter-atomic bonds, addi-
tional bonds that occur between non-metal and metal atoms,
and by low magnitudes of inter-atomic distances as a result of
replacement of metalloid atoms.

Table 1

Atomic characteristics and physical properties of
the elements of groups Il and IV

i Chemical elements
Name of properties
Zn Si Ti Sn
Atomic number 30 14 22 50
Atomic mass, u 65,370 | 28,086 | 47,956 | 118,690
Radius of ion
by Belov and Bokiy, nm 0,139 0,039 0,064 0,067
Radius of atom
by Belov and Bokiy, nm 0,083 | 0,434 | 0,146 | 0,158
Degrees of oxidation 2 4;2; 4 4;3 4; 2
Density, g/cm? 7,133 2,33 4,505 7,29
Melting temperature, K 692,5 1696 1838 505
Table 2
Physical and chemical characteristics of
technical oxide materials
Names of oxide materials
Indicators of — - —
physical properties Zinkite Rutile Cassiterite
ZnO TiO, SnOy
Moos hardness 4-5 6-6,5 6-7
Density, g/cm?® 5,64—5,68 4,2 6,950
Microhardness, MPa 2340 10000 9885-12043
Melting 19502000 1850 1625
temperature, °C
316-108
1 (at 40 °C, | axis ¢) — 8,19 3,76-106
TCLE, K 53910 |(0-500°C)|(20-650 °C)
(at 40 °C, L axis ¢)

Based on the data indicated in Table 1, 2, we selected
modifiers to ZnO, TiO,, SnO, and examined the composi-
tions of glass-crystalline coatings with their participation.

Table 3 displays chemical compositions, Table 4 presents
calculated and experimental values of the properties of melts
and glazed coatings, which are parched at the temperature
1200°C.

Table 3
Chemical composition of glass-crystalline coatings
Code of Content of oxides, mass %
compo-

sition |Si02[Al,O3{NayO|Ky0 [MgO|CaO|BaO|ZnO| TiO, |SnO,

1 53,517,520 |35 |15 |25

45| - - 150
2 51,01 15020 |35] 1,5 25|45|50]100]( 50

3 1435125120 (35| 1,525|45[10,0|10,0 | 10,0




The study of the characteristics of the properties of the
melt of the given compositions revealed that the composi-
tion 2 is optimal by the values of logarithm of viscosity and
surface tension. The composition 3 is optimal by the thermal
mechanical and strength indicators. Comprehensive evalua-
tion of phase creation was carried out by the method of X-ray
phase analysis and petrographic method.

Fig. 1 presents radiographs of experimental compositions
of coatings.

Phase composition 3 includes a large number of cassiter-
ite, rutile, gahnite, and in this case, the area of amorphous-
ness grows by 16 % compared to the composition 2 (Fig. 1, b).

Petrographic studies have shown that a coating consists of
colorless transparent isotropic glassy substance, in which even-
ly distributed “inclusions” of phases are observed. The particles,
despite their very small size, are irregular in shape, often isomet-
ric, to a lesser extent — elongated. Characteristic of the phase
composition of glass-crystalline coatings is shown in Table 5.

Table 4

7 g 3
a " i Calculated and experimental properties of
A melts and glazed coatings
. . Code of composition
‘ Name of properties of coatings 1 2 3
-
= - Logarithm of viscosity, 394 | 181 | 269
_ 4 7 lgn (Pas) ’ ’ :
2 % a Surface tension, o-10°N/m _|311,80|312,28|323,15
. M J L\ TCLE, 106 degree’! 5,14 | 582 | 6,18
' ; . . : . iy ot : 20 -
18 22 26 30 34 38 42 46 50 34 58 Heat resistance, °C 200 225 | >275
& Cassiterite » Quartz Bending tensile 158 | 196 | 230
a strength, MPa
- Microhardness, MPa 7680 | 7750 | 8080
v L 0 Modulus of elasticity, HPa 86 92 104
e )= = L
:1'-' o~ = Table 5
-
&

18 22 26 30 34 33 42 16 ) <4
& Cassiterite e Gahnite m Rutile

3347 P
315 m
2,642 p
W 2,487

m 2.297

p 1.764

Phase composition of glazed coatings

Code of| Composition| Average |Quantity|Index of light
compo- |of crystalline|grain size,| of glass | refraction
sition phase microns | phase +0,003
1 cassiterite, 20 12,04 135

quartz
cassiterite,
2 gahnite, 10 19,89 1,65
58 rutile
cassiterite,
3 gahnite, | 1€ ;ha“ 21,6 2,21
rutile

Analyzing the data from Tables 4, 5, one can
see that the maximum indicators of thermal resis-
tance, microhardness and bending strength char-
acterize the coating of composition 3 (Fig. 1, ¢),
which significantly exceeds the data known about
compositions of non-fritted coverings [15].

6. Discussion of the results of study of
dependency of strength and thermomechanical

13 22 26 30 34 38 42 46 50 34

A Cassiterite @ Rutile e Gahnite
c

Fig. 1. Radiographs of coatings: a is the composition 1;

b is the composition 2; cis the composition 3

We can conclude from Fig. 1 that while using SnO, as
a modifier (composition 1, Fig. 1, a), intense crystallization
of the phase of cassiterite occurs. The phases of quartz are
observed in the additive quantity.

Phase composition 2 differs by the presence of clearly de-
fined peaks of rutile, cassiterite, gahnite. In this case, the area of
amorphousness grows by 33 % compared to the composition 1.

properties on the total concentration of
oxides-modifiers

The studies have shown that the largest effect of
strengthening of glass-crystalline coatings, is pro-
duced by the composition 3, in which the total con-
centration of oxides-modifiers (ZnO, TiO,, SnO») is

30 %. We discovered the main feature of phase composition of
the specified coating. According to the XPA, the zone of amor-
phousness in the compositions 2 and 3 (Fig. 1, b, ¢) increases by
40-50 % compared to the composition 1. But the indicators of
strength and thermal resistance (Table 4) do not decrease but
significantly grow at that. This peculiarity is associated with
a comprehensive influence of the oxides-modifiers that are re-



placed as a result of the growth of grains of basic phases beyond
the border of these grains — to a glass phase, reinforcing it.

According to the X-ray phase analysis, the samples that
were calcined at 1200 °C, with the content of oxides-modifiers
at 20-30 % (compositions 2, 3), are composed of the mixture
of three phases: cassiterite, gahnite, and rutile. The availabil-
ity of the specified phases is the cause of the increase in phys-
ical and mechanical properties of the coatings that increase
depending on the concentration of cations-modifiers. The data
from Table 5 indicate that with increasing concentration of
oxides-modifiers the average size of crystals of newly formed
phases (less than 2 microns) is reduced. Such coatings must
withstand mechanical loads of pressure and friction, which
can be compared to sitall products.

Based on the obtained data, one can draw a conclusion
about the influence of oxides-modifiers on the properties
of glass matrices and provide a mechanism for their action,
which comes down to the following:

—in the silicate melts with three cations-modifiers,
non-static distribution of cations-modifiers of various types
is observed among the silicate anions of varying degree
of polymerization, which comply with the principles of
acid-base interaction in silicate melts. The mechanism of
strengthening of a glass matrix is intercalation (embedding)
of the modifying groups (ZnO and TiO,) in the grid of glass
and the beginning of formation of the nuclei of a new crystal-
line phase of the type of solid solutions;

— the possibility of a broad change in phase composition
and microstructure under the action of three modifiers is a
peculiarity and advantage of the coatings that allows chang-
ing their properties in a given direction. Thus, the study of
the mechanism of formation of fine crystalline volumetric
structure of the coatings with three modifiers revealed a
sharp difference in the processes of nucleation and growth
of crystals while introducing SnO», ZnO, TiO,. Thus, SnO,

in the amount of 15 % does not activate the process of phase
creation but it takes on the role of an ordinary modifying
oxide, additional introduction of zinc and titanium oxides
contributes to formation of volumetric crystallization with
the release of phases of gahnite and rutile, which contributes
to significant strengthening of the coatings.

New formulations of glass-crystalline coatings with in-
creased (by 50 %) strength and thermal resistance (by 70 %)
may find wide application in engineering, medicine, various
industries: chemical, machine-building and construction.

7. Conclusions

It was established as a result of the performed study:

— the most efficient way of structural organization of
a glass-crystalline material is the use of three types of
oxides-modifiers (ZnO, TiO,, Sn0O,), the total concen-
tration of which is not lower than 30 %. We examined
the peculiarities of formation, role and concentration
limit of each of them. The introduction of TiOs (5—10 %)
and ZnO (5-10 %) promotes the formation of rutile and
gahnite, respectively, which increase physical and me-
chanical properties of coatings (bending tensile strength,
microhardness, thermal resistance). The introduction of
SnO, does not activate the process of phase creation but
its presence (not lower than 15 %) inhibits the growth of
crystals of newly formed phases;

— comprehensive application of the three oxides-modifiers
(not lower than 30 %) promotes the formation of fine crystal-
line coating, with the size of particles not larger than 2 um, at
arelatively low (up to 1200 °C) temperatures of calcination;

—the obtained results can be used for the synthesis of
glass-crystalline coatings with required phase composition and
microstructure.
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Pospo6.71eno MexHON02it0 oaepmamm Kanvui-
€60i cenimpu maeuugenm Konqeumpauu Bcma-
HOBJIEHO epanuum xomgeumpauu eanna 6 po3uu-
HAX KAbUieeoi cenimpu, meopemutHo pospaxo-
eano npouec ziopamauii oKcuoy Kaavuilo 6 uux
posuunax. Jlocaioxnceno mexamnizm 3a2ycminms
npueomosanoi cycnensii (cycnensia Ca(OH), ¢
posuuni Ca(NO3),), aKxa ymeoproemvcs Ha 6Upoo-
Huymeax Kaavuicgoi ceaimpu. Bcmanosneno
3anexcnocmi xonuenmpauii Ca(NOs3)y 6 po3uu-
Hi nicas Heumpanizauii 6i0 kKonyenmpauii HNO3
ma emicmy 6anHa 6 MpaHCnOPMHOMY POIUUHI.
3anponoHoeamno mexHo02iMHy cxemy 00epICcam-
HA Kabuiesoi cenimpu 30azaueny 000amKo8uUMU
HCUBUTILHUMU KOMNOHEHMAMU

Kmiouoei cnosa: xanvuiii nimpam, eanmo, 2io-
pamauis, KoHueHmpauis, cycnensis, Heumpani-
3ayis, Himpamna Kucaoma, mexHon0eis
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Paspabomana mexnonozus nosyueHus Kaiv-
UUeBOU Cenumpobl NOGLIUEHHOU KOHUESHMPAUUU.
Yemanoeaenot npedesvivle KoHueHmpayuu usee-
cmu 6 pacmeopax Kaavuuesoll ceaumpol, meope-
MuMeCKU paccuuman npouecc 2uOpamauul OKCcu-
da xanvuus 6 amux pacmeopax. Hccaedosan
MexXanum 3az2ycCmenust NPU20Mo6JaeHHOU CYCneH-
3uu (cycnensus Ca(OH), 6 pacmeope Ca(NO3),),
Komopas o0pasyemcs HA NPOU3600CMEAX KAJlb-
UUeBol cenumpvl. YcmanoeieHvl 3A6UCUMOCU
xonuenmpavuuu Ca(NOs), 6 pacmeope noc.ie Heil-
mpanuzauuu om xonyenmpavyuu HNOs u cooep-
JCanusi u3eecmu 6 MpPAaHCnOPMHOM pPacmeope.
IIpeonoscena mexnonozuneckas cxema noJyye-
HUA KATbUUeBol ceaumpvl 0002auienioli 0ono-
HUMENbHLIMU NUMAMETIbHLIMU KOMNOHEHMAMU

Kmouesoie cnosa: kanvyuii numpam, uzeecmo,
euopamayus, KoHueHmpauus, CYcnemzus, Heil-
mpanuzauus, azomHas KUucjioma, mexHosoeus
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1. Introduction

By the scope of application and economic results, miner-
al fertilizers are one of the important factors of agriculture
intensification and increasing the quantity of food products.
The volume of production and domestic consumption of
mineral fertilizers in Ukraine indicate that only the use of ni-
trogen fertilizers is approaching the necessary scientifically
based amount, whereas phosphate and potassium fertilizers
are used less because the raw materials are very expensive.
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The scope of using calcium nitrate in other industries, ex-
cept agriculture, is expanding, in particular, as the basis of an-
ti-ice mixtures, corrosion inhibitors, additives in the construc-
tion mixtures, as one of the components of emulsion explosives,
accumulative solutions in refrigeration technology, etc.

The chemical industry, including the production of miner-
al fertilizers, is the industry which requires substantial mate-
rial and energy consumption and the main trend of its devel-
opment now is resource saving. Development of energy-saving
technologies of the production of calcium nitrate containing






