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It was revealed the degree of impact of structural factors on physical and chemical
properties of glasses and glass coatings, particularly chemical resistance, water resistance,
surface-tension of and spreading in the R,0-R'0O-Al,0,—B,0;-Si0, system. It was deter-
mined clear boundaries of the values of the structural factors and their relationship with
the glass chemical composition. The basic principles of synthesis of multifunctional glass
matrices — bases of chemically resistant fusible glass coating were developed.
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YceraHoB/IeHa CTENeHb BIUSHUS CTPYKTYPHBIX (GAKTOPOB HA (PUBUKO-XUMUUYECKNE CBOMCT-
BA CTEKOJ M CTEKJOMOKPHITHI, B YACTHOCTH XUMHYECKYIO CTONKOCTH, BOJOCTONKOCTH, IIO-
BEPXHOCTHOE HATAKeHWe M pacTeKaHnwne, B cucreMe R,0-R'0O-Al,0,-B,0;-SiO,, onpenenens
YeTKHEe MPAHUIBI 3HAYEHUN CTPYKTYPHBIX (DAKTOPOB U UX B3AMMOCBA3h ¢ XUMUYECKUM COCTA-
BOM CcTeKO0JI. PaspaGoTaHbl OCHOBHBIE NMPUHIUILI CUHTE38 TOAUMYHKIIMOHAIBHON CTEeKJIOMAT-
PUIIBI — OCHOBBI XUMWUYECKU CTOMKUX JIETKOIJIABKUX CTEKJOOMAJIEBLIX MOKPBITUI.

Bonane crpykrypEunx daxtopie Ha (isukKo-XiMiuHi BJACTUBOCTI CTEKOJ Ta CKJIOMO-
KPHTTIB y JyEKHOAdwOMoOopocwrikatHiii cucremi. O.B. Illanuzina, I''K. Boponos, I'.H.
Tumowenro (Muponosa ), AIl. Odunyosa.

BceramoBsmeno cTynmiHb BOJIMBY CTPYKTYPHUX (darTopiB Ha (isuxo-ximiuni BmacTuBocti
CTEeKOJI i CKJIOMOKPUTTIB, 30KpeMa XimiuHy cTifikicTb, BomocTifiKicTh, ITOBepXHEeBUH HATAT i
postikanusa, B cucremi R,0-R'0-Al,0;,-B,0,-Si0,, Busnaueno uirki me:xi sHaueHL CTPYK-
TypHUX (PaxkTopiB Ta IX B3aeMO3B’A30K i3 XiMiuHmM ckaazoMm cTekoa. Pospobieno ocHoBHIi
OPUHIUNN CHHTE3Y NOJi()yHKI[IOHAJIbHOI CKJAOMATPUIL — OCHOBM XiMiuHO cTifiKUX Jerko-
OJaBKUX CKJIOEeMaJieBUX MOKPUTTIB.
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1. Introduction
Glasses of Rzo—R’O—A|203—Bzo3—S|OZ System,
in which [R,0 (XNa,0, K,0)-R'0 (Q.Ca0, BaO)]

are the basis of almost all glass-protective
coatings for steel, that are widely used in
production of heating equipment and appli-
ances, pipes for hot water supply and petro-
chemical industry, heat exchange units,
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containers for the food and chemical indus-
try, agriculture, and others [1]. Scope of
their applications determines the range of
performance properties of the coatings,
which must be considered in the develop-
ment of vitreous enamel compositions [2, 3].
The most developing area of the enamelled
products market is production of household
heating equipment, the most important of
which is the property of chemical resis-
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tance, which determines the ability to resist
the effects of various agents [2, 4]. Devel-
opment and application of the low-melting
direct-on chemically resistant coatings ap-
plied by electrostatic powder technology —
POESTA (Powder Electrostatic Application),
by reducing energy and resource consump-
tion increases the competitiveness of the
enamelled products as compared to conven-
tional two-layer coatings.

The aim of the study is to develop a
content of the multifunctional glass matrix
(MFGM) — the basis of fusible glass-chemi-
cally resistant coatings obtained by energy
saving technology POESTA. Developed glass
matrice defines the basic physical and
chemical properties of the coating material
— glass-powder and performance of the
coatings obtained on its basis and the intro-
duction of components that provide the
color and strength characteristics of the
coating.

To achieve this goal, taking into account
the requirements in terms of performance
coatings, physical and chemical properties
of the frits and powders of these (Table 1),
the following research areas are defined:

— establishment of criteria for synthesis
parameters of glass matrix — bases frits
and coatings;

— determination of the composition
range of glass matrix (model glasses) with
the given values of criteria parameters;

— determination of the effect of struc-
tural factors on the physico-chemical and
performance properties of glass matrix.

2. Experimental

2.1. Determination of criteria parameters

For design of the multifunctional glass-
matrix (MFGM) composition — the basis of
fusible direct-on chemically resistant pro-
tective coatings applied for technology
POESTA, the values of criteria defined
properties and settings, which should match

the characteristics MFGM (model glasses),
frits and coatings, were determined. On the
basis of existing international industry
regulations [5] and the technological process
parameters the values of criteria are set
(see Table 1). The most important tech-
nical characteristics of the glass and vitre-
ous enamels are melting temperature and
coatings firing temperature. These men-
tioned limits to the values of these charac-
teristics (Table 1) depends on homogeniza-
tion temperature of alkalialumoborosilicate
glass melt, production conditions and tech-
nological parameters of melting equipment,
as well as on the need for energy saving.

Obtaining uniform defect-free coating is
largely dependent on the surface tension of
glass melt, which actually defines the wet-
ting process of the metal base by melt, sig-
nificantly affects the intensity of the proc-
ess of degasification and clarification. In
particular, it removes the gas bubbles from
the melt during the enamels melting and
the gas phase formed at the contact border
"metal — enamel”.

Significant role in the preparation of the
protective coating has a ratio of the tem-
perature coefficients of linear expansion
(coefficient of linear expansion) of the
metal and glass coatings. Improperly se-
lected ratio is the primary cause of perma-
nent stresses in the system metal-coating.

Application of the vitreous enamel coat-
ing Dby the POESTA technology demands
the high values of specific resistivity of the
glass matrix, namely p > 108 Q - m.

Chemical resistance of the MFGM — the
basis of protective coatings, is one of the
main technical characteristics.

2.2. Development of glass matrix compo-
sition (model glasses)

Using the theoretical principles as the
basis for synthesis of the low-melting
chemically resistant glass with high wvalues
of specific resistivity it was chosen system

Table 1. Criterion parameters of glassmatrix, frits and coatings on their basis

Parameter Indicator
The temperature melting glass-enamel, T etting °C <1300
Firing temperature coatings, T, °C 820-840
Surface tension of the melt, 6, mN/m 280-310
Temperature coefficient of linear expansion (TCLE), o107, degree! 80-120
Own electrical resistivity of glass-enamel powder, p, Qm >108
Chemical resistance of the coating, (ISO 28706:2008), class AA, A
The propensity to crystallization absence
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R,O0 (XNa,0, K,0)-R'O(Q,Ca0, BaO)-

Al,03-B,05;-Si0, with the following ratio of
components Na,O:K,0 = 2:1 and Ca0:BaO =
3:1, R,O:R'O = 2:1 [1, 4].

At the system and content of its compo-
nents selection it was taken into account the
data on the effect of complex silicate oxide
system on the structure and properties of
the glasses and it was set the criteria pa-
rameters, ensuring to achieve direct control
of the chemical composition.

In order to obtain the MFGM with a
given set of parameters (Table 1) the
method of optimal experiment — simplex-
lattice planning was used [6]. Factor space
with the number n = 8 is system in which
the consistency of quantity SiO, (content
60 mol. %) geometrically transforms sys-

tem R,0 (2Na,0, K,0)-R'O (2.Ca0, BaO)
_A|203—Bzo3—8|02 in the plane, i.e. in
pseudoternary R,O (ZNazo, K,0)-RO (2

Ca0, Ba0)-Al,053-B,05. It was built four
simplex diagrams of the complete cube
model based on developed values of criteria
properties (melting temperature, surface
tension, coefficient of linear expansion and
resistivity) on the chemical composition, the
mutual imposition of which 8 experimental
model of glass compositions (MG) — glass
matrix are defined (Fig. 1).

Calculation of criteria properties hold
with using of the additive methods [7, 8].
Further optimization of the composition of
the MFGM conducted on the model glasses,
the compositions of which were located in
the selection of the optimum.

To confirm the computed data on the
theoretical possibility of using 8 composi-
tions of MG as MFGM — fusible bases
chemically resistant coatings, conducted
their laboratory melting and determination
of physical-chemical, operational and tech-
nological properties. It was established ex-
perimentally that the specified boundaries
of melting temperature of the glass
(£ 1300°C) corresponded to the compositions
of MG 3, MG 4, MG 5 and MG 6. Melting
temperatures of MG 1, MG 2, MG 7 and MG
8 were significantly higher than specified to
1300°C. All modeling glass were obtained by
the method of granulation of glass melt.

2.3. Determination of influence of struc-
tural factors on physico-chemical and per-
formance properties of glass matrix

Physico-chemical and performance prop-
erties of silicate glasses and glass coatings
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B,0, R,O0 +R'O
Fig. 1. Diagram of criterion parameters of

MFGM on chemical composition of the com-
positions with points of model glasses.

are functions of structural strength of the
frame, which is characterized by the values
of structural factors: degree of connected-
ness of silicon-oxygen frame fg; (1) and co-
efficient yp (points to the coordination
state of glass former — cations) (2). Degree
of conmnectivity fg; is determined by the
ratio of silicon atoms (glass former) to the
number of oxygen atoms Si/O. Chemically
resistant fusible silicate glasses should be
characterized by the values of coefficient fg;
within 0.3-0.35 [9, 10]:

fsi= 1)

¥sio,

YR,0 T YR,0 * 8TR 0, T 2YRo, * SVR0, * VRO,

where Y — content of oxides in the glass in
mole parts.

In alkalialumoborosilicate the glass
structural strength of its frame is deter-
mined by the state coordinating cations
Si4*, B3*, Al4*. The highest degree of struc-
tural strength of the carcass is achieved in
the case of quaternary coordinate boron and
aluminum, for the existence of which in a
tetrahedral environment it is needed the
particular relationship between concentra-
tion of the modifier (oxygen donors) and
oxides of Al,O; and B,03;. In the case of
silicate glass in excess of the active oxygen
carriers, which are introduced modifier R,O
and R’O, B and Al cations replace Si in the
glass structure and form single alu-
moborosilicooxygen structure. Estimation of
transition probability B and Al in tetradic
coordination is determined by an indicator
of the structural factor yp (Table 2) [9]:

Functional materials, 23, 2, 2016



O.Shalygina et al. / Influence of structural factors ...

Table 2. Chemical composition, properties and values of the structural factors of MG

Oxide The content of oxides, mol. %
MG 1 MG 2 MG 3 MG 4 MG 5 MG 6 MG 7 MG 8
Sio, 60.0
B,O, 13.0 12.0 13,0 15.0 20.0 25.0 15.0 15.0
AlL,O, 12.0 8.0 2.0 0 0 0 8.0 5.0
R,0 10.0 13.3 16.7 16.7 13.3 10.0 11.3 13.3
RO 5.0 6.7 8.3 8.3 6.7 5.0 5.7 6.7
Properties of model glasses MG
T netting °C 1301 1274 1198 1164 1108 1093 1292 1242
o, mN/m, 840°C 334 312 308 294 254 247 309 291
01077, degree” 67 84 81 82 87 71 74 85
0, Qm 109.5 109.7 1010.1 109.9 109.9 1010.2 1010.2 109.3
Flowability, mm 13.0 15.0 44.0 46.0 26.0 30.0 32.0 23.0
Chemical resis- - A+ AA AA - - - -
tance, class
Water resistance: consumption 0.01 N. HCI solution at titration V, em3.g™1, cm3/g
Mains water 9.1 5.8 5.1 5.2 6.4 6.7 8.7 5.4
Distilled water 4.6 1.6 1.1 1.2 1.8 2.2 4.6 1.5
Structural indicators of model glasses
Vg 0.14 0.88 1.63 1.54 0.93 0.56 0.52 0.90
Coordination state | [AlO,], [AIO,4], [AIO,], [AIO,], [AIO,], [AIO,], [AIO,], [AIO,],
of B and Al [BOs] [BOs], [BO,] [BO,] [BO,], [BO,I, [BO,], [BO,I,
[BO,] [BO,] [BO;] [BO;] [BO;]
fsi 0.29 0.30 0.32 0.32 0.30 0.29 0.29 0.30
APF 0.416 0.431 0.452 0.457 0.451 0.446 0.428 0.439
Ny % 15.22 63.46 89.48 83.11 64.37 44.61 41.85 61.53
vE = (Na20 + K20 + BaO) + 0.7(Ca0 + SrO + c;do + PbO) + 0.3(Li2O + MgO + Zn0) — AI203'
203 (2)
The values of structural factors — fg; IR-spectroscopy confirmed the design as-

and yp (Table 2), theoretically indicate the
high degree of structural strength of the
MG 3 and MG 4. This is due to the quadru-
ple coordination of Al and preferably B,
forming continuous aluminoborosilicate
glass structure with localized on tetrahe-
dral glass-modifiers cations Na*, K*, Ca2*,
Ba2*. In the range of 1350-1400 cm™! prac-
tically fixed peaks characteristic of [BO3]3‘.
MG 1 is characterized by minimum index
yp = 0.14, indicating that the boron in tet-
rahedral state of the glass structure. This is
confirmed by presence of the corresponding
peaks in the IR-spectra — Fig. 2.

As known, such glasses have low chemi-
cal resistance, which is due to their poor
structural strength.
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sumptions of the basic glass-state coordina-
tion in the glass matrix. According to infor-
mation received, investigated glass is char-
acterized by a broad absorption band (V)
stretching vibrations (v) 900-1200 cm™!
with a deep peak at 1080 cm™!, which indi-
cates the high degree of polymerization of
tetrahedra SiO, (Fig. 2) [9, 11].

Besides of coordination state of glass for-
mer and extent of the silicon-oxygen skele-
ton connectivity, significant impact on the
performance properties of glasses and glass
coatings has capacity for modifying diffu-
sion of cations, in particular Na*, depend-
ing on the density of atomic packing in the
glass structure. In turn, diffusion of Na* is
determined by its structural role in the
glass network: 1) Na' stabilizes aluminum
in tetrahedral coordination; 2) Na‘* takes
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IR-spectra of experimental model

[BOs] in [BO,]; 3) Na* forms unbridged oxy-
gens [SiO4] and / or [BO3] [12].

Atomic packing factor APF is the ratio
between minimum theoretical amount that
ions hold and corresponding molar amount
of glass and it is calculated using the ef-
fective ionic radii, proposed by Shannon for
the corresponding coordination numbers
cations (3) [12, 13]:

DIV (3)

APF = d :
XM

where for the i-th constituting formula
A _B,, d — density of glass, f; — mole frac-

x-y?
tion, M, — molar mass, V, =

i
(4/8)N,(xr3, + yr3g) — theoretical vol-
ume, where r4 and rg — ionic radii, and N,
— the Avogadro’s number.

The values obtained for APF model of
glasses (Table 2) are correlated with indica-
tors factor yg. The glass MG 3, MG 4 are
characterized by the highest degree of
atomic packing with APF = 0.452 and
0.457, respectively. This determines the
weak diffusion of the modifier cations, and
hence, their chemical resistance.

Chemical resistance of the experimental
glasses, which are the basis of glass-coating
for heating equipment, was determined and
evaluated in accordance with the interna-
tional standard ISO 28706:2008. On the
basis of the results of the study of chemical
resistance (Table 2) it was found that the
MG 3 glass has the best characteristies.

Assessment of the modifiers diffusion
degree, in particular Na*, was carried out
using methods for determining the water
resistance of the glass against tap and dis-
tilled water (flow rate 0.01 N of HCI solu-

tion in titration V, em3.g71) — Table 2.
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Determination of leaching of Na* indi-
cates a decline in the diffusion of Na* to the
growth ratio [SiO,]/[Al;,03] and values fg;
and yg. This trend can be explained by two
reasons. Firstly, in the case of a relatively
high content of Al,O3 (MG 1, MG 2, MG 7,
MG 8) the Na' cations compensate the ex-
cess charge of groups [AlQ,4] and [BO,]. In
these glasses there is more intense diffusion
of the ions modifiers, the reason of which is
not their rigid fixing in the glass network,
but localization in the tetrahedrons. At the
low content of Al,O5, or at its absence (MG
3, MG 4, MG 5, MG 6) some of the cations-
modifiers create "unbridged oxygens” bound
in the complexes through Si—-O-R or B-O-R.
In this case the ions-modifiers are less mo-
bile. Secondly, the different structural state
of boron, depending on chemical composi-
tion of the glass and determining the value
yp, causes the varying degrees of the nu-
clear glass packaging APF (Table 2). When
the indicator values yp increases the struc-
tural mesh glass becomes more densely
packed, making it difficult to diffusion of
the cations-modifiers.

The results showed that in the alkali con-
taining glasses diffusion of the cations-
modifiers reaches its maximum value when
the charges of all the tetrahedrons [AlO,]
fully compensated oxygen donors, and in
the glass structure the atoms are virtually
absent "nonbridging oxygen” (1/8<yp<1
— MG 1 and MG 7). At higher content R,O
value yp varies from 1 to 1.68 (for the MG
3 and MG 4), and the diffusion of cations-
modifiers is not increased, which positively
influences on the chemical resistance of the
glass — Table 2. In this case, due to forma-
tion of a number of "nonbridging oxygen”
the glass network structure is loosened,
thereby improving its melting charac-
teristics, namely reduction and melting
temperature wetting. This dependence can
be explained by the fact that the relations
R-O-Si is stronger than the bond of the
cation-modifier — a complex anion,
whereby the amount of leached R* is not
increased (Table 2), and the melting charac-
teristics are improved — Fig. 3.

Thus, the theoretical principles are con-
firmed [10, 14] about the aluminum being
in fourfold coordination provided [R,0 +
R'O] > Al,O;. Excessive amounts of the
modifiers can be used to move [BOj] to
[BO4] or to create "unbridged oxygens”
from Si and B thermodynamic competition
with these mechanisms. The proportion of
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Fig. 3. Temperature dependences of wetting
angle of melts of model glasses.

boron in the fourfold coordination with re-
spect to its general content, i.e. the effec-
tive concentration of the modifier (the Ny),
defined by the formula (4), reaches its
maximum value, followed by the addition of
the modifier, when the formation of "un-
bridged oxygens” becomes predominant. N,
is controlled by excessive content of modifi-
ers in the glass [15—18]:

_ [Ry01+[RO] - [ALOg] (4)
47 [ByO3] + [SIO,lexp[-AH / ETf]

where £ — the Boltzmann constant; T, —
fictitious temperature, it shall be equal to
the glass transition temperature, AH — en-
thalpy difference between the two states.
Consequently, at the low concentrations
there is a significant amount of Al,O3 modi-
fiers used for transition of boron [BOs] to
[BO4]. In sodiumboroalumosilicate glasses
the empirical models Della-Bray and Du-
Stebbins are used to predict concentrations
and N, "nonbridging oxygen” as functions
of the glass composition [15, 16]. To apply
this model, it is accepted [R,O]-[R’O] as an
effective concentration of the modifiers.
When [R,0 + R’0O] < Al,O5, taken N, =0,
but in a series of such components investi-
gated MG ratio is not used, i.e. for all win-
dows [R,0 + R'O] > Al,O3. For the models
Della-Bray and Du-Stebbins the values N4
exceed the experimental low content of
Al,O5. This indicates that after charge com-
pensation of [AlO4] not all modifiers are
used to transfer ions [BO3] in [BO4]. A cer-
tain amount of them is used for other types
of modification of the glass network, in par-
ticular for formation of the "nonbridging
oxygen" on the tetrahedrons boron and sili-
con. The sodiumborosilicate glass is ob-
served for the maximum values N, in vari-
ous compositions where additional modifier

Functional materials, 23, 2, 2016
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Fig. 4. Effective concentration of modifiers
Ny, from yg.

additive is used more to create the "non-
bridging oxygen” instead of groups [BO,].
Therefore, even if the estimated yp =1 the
maximum value N4 is not 100 %, but some-
what smaller. Provided R,O + R'O > Al,O3,
the N4 can be calculated as position of the
highest values of chemical resistance of the
glass, which is all aluminum in the fourfold
coordination (or lack of), and under the con-
dition Rzo + R/O - A|203 > 8203 or I\UB =1
is theoretically the entire boron goes into
[BO,4]. But experimentally it was deter-
mined the increase in chemical resistance of
the model glass with increasing values of
yp to 1.54 and 1.63 (compositions of the
MG 3 and MG 4, respectively), i.e., to form
the "nonbridging oxygen” quantity [15].

Using the models of Dell-Bray and Du-
Stebbins and formula (4) it was determined
the dependence of the effective concentra-
tion of the input modifier cations Ny, i.e.
quantity formed the tetrahedral boron from
values yg for alcaliboroalumosilicate system
and it was set the values of indicator N, for
the formulations of MG (Fig. 4, Table 2).

The data obtained (Table 2) indicate that
an effective concentration of the modifiers
Ny, i.e. the amount of generated tetrahedral
boron in the experimental model glasses MG
rises till values of yp ~ 1.6—1.8. For the big
values of yp on the graph in Fig. 4 the N,
observed "playground” of constant values.
When yp = 1, the effective concentration of
the N, modifiers reaches only 65 %. It can
be concluded that the effective concentra-
tion of the modifiers N, reaches its maxi-
mum at 90 % values of yp being in the
range from 1.5 to 1.8, and further increase
of the R,O and R’O content does not lead to
the desired result.
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Fig. 5. Barcode XRD diffraction samples of model glasses.

Investigation of phase compositions of
the MG samples obtained after coating fir-
ing at T = 840°C showed that in the MG 1
high-temperature cristobalite and quartz
are intensively crystallized, in the MG 2 —
there are quartz and low temperature cris-
tobalite, and slides in the MG 5, MG 6, MG
7 — there are cristobalite and quartz. Ac-
cording to the criteria for the direct-on
coatings the formation of crystalline phases
are undesirable. The compositions of the
MG 8, MG 4 and MG 8 are characterized by
XRD, which is prerequisite for production
of the coatings with the minimum value of
internal stress, which contributes to accu-
mulation of the crystalline phase formation
in the firing process — Fig. 5.

One criterion parameters of the devel-
oped glass frits intended for the production
of the coatings by POESTA technology is
the increased value of its specific resistiv-
ity. Therefore, in developing of the model
glass compositions we used the ratio of the
of alkali and alkaline earth metals oxides
for providing the developing of polyalka-
linic and polycationic effects. Manifestation
of these effects causes the required values
of the electrical own glasses p > 108 Qm.
Resistance powders of the model glass was
determined experimentally using the stand-
ard techniques [19]. Values of resistivity
calculated by formula (5) are shown in
Table 2:

n-d?- R, (5)
p - 4 . L ’
where d — diameter of electrodes, m; L —

the thickness of the layer of frit powder, m;
R, — volume resistivity powder, Ohms.

Summary data on the chemical composi-
tion of the model glasses and the corre-
sponding properties and values of structural
factors are given in Table 2.

v
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4. Conclusions

Joint analysis of complex theoretical and
experimental data shows the clear correla-
tion of structural factors determining the
state of the glass-coordination, coherence of
the structure and the density of its packag-
ing for model glasses in system R,O-R’O-
Al,O3—-B,03-Si0, with their physical and
chemical properties — chemical resistance,
water resistance, surface tension and flow-
ability, temperature characteristics. The
study of the structure and modeling proper-
ties of the glasses found that the practical
value of the structurally dependent per-
formance properties, in particular, chemical
resistance and water resistance does not
correspond to the theoretical provisions
about possible linked glass structure for the
index structure factor yz =1, since the ef-
fective concentration of the modifiers in
this case it is only 65 %. This is due to
formation of the "nonbridging oxygen”,
which determines the degree of softening of
the glass structure, even with a lack of
compensatory oxygen. For the fusible
chemically resistant glass system in the
study area it was defined the sharp bounda-
ries of yp values ranging from 1.5 to 1.8,
corresponding to the maximum effective
concentration of N, modifier at 90 %. The
tendency to crystallize and refractory com-
positions of the MG increases with decreas-
ing the yp values at constant content of
Si0, — the basic glass former.

Summarizing the results of the research,
we can conclude that as the MFGM — the
basis of fusible chemically resistant protec-
tive coatings applied for technology
POESTA, it is advisable to select the MG 3
model glass composition, characterized by
the high chemical resistance, the necessary
values of coefficient of linear expansion,
surface tension and its specific resistivity.

Functional materials, 23, 2, 2016
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