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AHHOTAIIUA
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ABSTRACT

Cladding of buildings and structures, combining decorative, protective and thermal insulation functions, is currently in
great demand in the construction industry. One of the effective areas for using vitreous and glass-crystalline enamel coatings
is the protection of steel cladding panels for construction purposes. Therefore, there is a need to create and widely implement
competitive enamel-coated panels made in Russia with specified properties. The work identifies the areas of glass formation
and constructs a composition diagram in the SiO>-B,03-Na,O-ROy system of glass areas, which are the basis for the produc-
tion of ground and top enamels. The physicochemical patterns of glass formation in the Na,O-B,03-Al,03-SiO»—R,Oy system
for the production of enamel coatings have been established by varying the values of the connectivity indicators of the alumi-
num-boron-silicon-oxygen framework.
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BBEJIEHUE

CTeKJIOBUAHBIE W CTEKIOKPHCTAILIMYECKHE dMaJeBhIe I0-
KPBITHS MCIIONB3YIOTCS JUISA 3aIUTHl CTAIBHBIX M3IENUH paz-
JMYHOTO HAa3HAYCHUS W OJHUM U3 3()()EeKTUBHBIM HampaBe-
HHEM UX NPUMEHEHHS SBJIAETCS 3alHTa CTAIBHBIX 00INIIOBOY-
HBIX MMaHeNeH, KOTOPBIC YCTOWYHMBEI K HEOIArOmpUATHBIM KITH-
MaTHYECKHM YCIOBUIM, CTOHKH K BaHJAJIbHOMY BO3JICHCTBHIO,
K OTKPBITOMY OTHIO, 9KOJIOTHYECKH O€30IaCHBI U I0JITOBEYHEL.
AKTyanbHON MPOOJIEeMOM, MPEMATCTBYIOMICH IUPOKOMY pac-
MIPOCTPAHEHHUIO MPOU3BOJICTBA CTANBHBIX OOJUIIOBOYHBIX IMa-
JMPOBAHHBIX TaHEJNEH, SBIIETCS OTCYTCTBUE pa3pabOTaHHBIX
COCTaBOB KOHKPETHOTO (YHKIHMOHAIBHOTO HA3HAUYCHUS, IIH-
POKOI1 IIBETOBOM TaMMBI 1 CLIOCOOHBIX Oe31eeKTHO (hopMUpo-
BaThCS IPU MUHUMaIbHOH TonmuHe (MeHee 0,3 mM). OqHAKO
BOIIPOC O 3aKOHOMEPHOCTSIX CHHTE3a U MeXaHn3Ma Oe3nedext-
HOTro ()OPMHUPOBaHUS aTMOC(HEPOCTONKUX OKPOBHBIX CTEKJIIO-
BUAHBIX U CTCKJIIOKPUCTAIIMYCCKUX SMAJICBBIX HOKpI)ITI/Iﬁ JJIsL
CTaM B IPOLIECCE BBICOKOTEMIIEPATYPHOIO OOXKHIa, BITUSIO-
muye Ha GpU3MKO-XMMHUUYECKHE CBOWCTBA M CPOK AKCILIyaTallu
OONUIIOBOYHBIX MTAHENIeH, OCTAEeTCs aKTyaaIbHOW HAYyYHOM 3a/1a-
yeil.

Less 1aHHO# HCCTET0BATEIBCKOH PadoThI OBLIO H3yUe-
HHE 0COOEHHOCTEH CTEKI000pa30BaHMs IMATCBBIX QPUTT IS
CTaJIbHBIX OOJIUIIOBOYHBIX ITaHEIeH

Martepuajbl M1 METOABI

C 1espio0 CHIKEHHS PECYpCOEMKOCTH TEXHOJOTUH MPOU3-
BOJICTBA CTAJILHBIX OOJMIIOBOYHBIX MAHENEH ¢ IMaIEBBIMH I10-
KPBITHSIMU B KaYECTBE CHIPhsSI IPUMEHSAIOTCS IPUPOAHBIE, CHH-
TeTUYECKHEe W TEXHOTEHHbIe MaTepuaibl. B manHON pabote
paccMaTpUBaIOTCS CIEYIOIINE MPUPOAHBIE CHIPHEBBIE MaTe-
pUaJbl: KBapLEBbI NECOK MUILIEPOBCKOIO MECTOPOKACHUS
(PoctoBckast obsacte) mapku OBC-020-B, noseBoit mimar
BumnraeBoropckoro mecropoxaenus (Ypam) mapkum [IIIC-
0,50-21, cuaTeTHYECKHE — OOpHAs KHUCJIOTa, Oypa, coja Kajb-
[IMHUPOBAHHAsA, OKCHJ KOOANbTa MapKH «X.4.», OKCHI HUKEJIS
MapKH «X.4.», THOKCHJ] TUTaHa MapKH «0C.4», KpeMHE(TOpH-
CTBIH HAaTPHH, ceNnTpa Kannuesasi, CeIuTpa HaTpHueBas, jOKeHas
MarHes3usi Mapku «4.71.a.», Tpunoiaudocdar HaTpus, a B Kade-
CTBE TEXHOTCHHBIX MaTEpHAJIOB — 30JIONIUIAKOBBIE OTXO/IBI TOII-
JUBHOI HSHEPreTHKH, AaKTUBHO NpPHMEHSAEMBIC IIPU CHHTE3E
(hyHKIIMOHAJIBHBIX TEOMOJIMMEPHBIX MaTepuayioB. B pe3yns-
TaTe aHATUTHYECKUX MCCIIEJOBAHUI U3 PacCMaTPUBAEMBIX ChI-
PBEBBIX MaTE€PHUATOB UCKITIOUEHBI 30JI0IIITAKOBBIE OTXO/BI, CO-
nepxame 6-10 % FeyOs, Tak kak KauyeCTBEHHBIC SMAJICBBIC
HOKPBITHS TOJDKHBI coziepkath He Oonee 0,05 % mpumecu ok-
CHJIa jKelle3a, YTO OTPUIATENIFHO CKa3blBAaeTCsl Ha OeNu3HE M
MPO3PAYHOCTH NOKPBITHUSI.

IKCNepUMEHTBI H 00CyKIeHHE Pe3yIbTaTOB

Jnist onpenenieHust BO3MOKHBIX 00J1acTel CTEKJI000pa3oBaHus
OblIa MoJTy4YeHa iarpaMmma COCTaBOB CTEKOJ, KOTOPBIE MOTYT
SIBJISITBCSI OCHOBO# JUIsl TIOJTyY€HHUSI TPYHTOBBIX M MOKPOBHBIX
sMajsiei (pucyHok 1). B maHHBIX HMCCIeIOBaHUSIX B TPYHTOBBIX
SMaAX TPUHIT WHTepBan comepxkanus SiO, 38,9-49,0 %,
B203 14,4-24,4%, Na,O 16,0-23,0 %, a KOJIHMYECTBO OCTaJIb-
HbIX coenuHeHull Al,Os, TiO,, CaF,, MNO,, C0,03, NiO He Ba-
pBHUpYETCs. ¥ BBIOOP KOHKPETHOTO 3HAUCHHSI OCHOBBIBAJICS Ha
3HAYCHMSAX U3 HOPMATHBHO-TEXHUYECKOHN TOKyMeHTauu. J{i1s
CHHTEe3a TOKPOBHBIX 3Maliell Takxke BbIOpaHa cuctema SiO—
B203—Na;O, unrepBan coaepxaHus KOTOpbiXx mpuHat SiO:
42,0-43,4 %, B,O3 12,0-13,0 %, Na,O 11,0-12,5 %, a ans

INTRODUCTION

Vitreous and glass-crystalline enamel coatings are
used to protect steel products for various purposes, and
one of the effective areas of their application is the protec-
tion of steel cladding panels that are resistant to adverse
climatic conditions, resistant to vandalism, open fire, en-
vironmentally friendly and durable. An urgent problem
preventing the widespread production of steel cladding
enameled panels is the lack of developed compositions for
a specific functional purpose, a wide range of colors and
capable of defect-free formation with a minimum thick-
ness (less than 0.3 mm). However, the question of the laws
of synthesis and the mechanism of defect-free formation
of weather-resistant glassy and glass-crystalline enamel
coatings for steel during high-temperature firing, which
affect the physicochemical properties and service life of
cladding panels, remains an urgent scientific problem.

The purpose of this research work was to study the
glass formation characteristics of enamel frits for steel
cladding panels

Materials and methods

In order to reduce the resource intensity of the technol-
ogy for the production of steel cladding panels with
enamel coatings, natural, synthetic and man-made materi-
als are used as raw materials. In this work, the following
natural raw materials are considered: quartz sand from the
Millerovskoye deposit (Rostov region) grade OVS-020-B,
feldspar from the Vishnevogorskoye deposit (Ural) grade
PShS-0.50-21, synthetic ones - boric acid, borax, soda ash,
Cobalt oxide grade "reagent grade", nickel oxide grade
"reagent grade", titanium dioxide grade "special purity"”,
sodium fluorosilico, potassium nitrate, sodium nitrate,
burnt magnesia grade "analytical grade", sodium tripoly-
phosphate, and as technogenic materials — ash and slag
waste from fuel energy, which is actively used in the syn-
thesis of functional geopolymer materials. As a result of
analytical studies, ash waste containing 6-10% Fe203 was
excluded from the raw materials under consideration,
since high-quality enamel coatings should contain no
more than 0.05% iron oxide impurity, which negatively
affects the whiteness and transparency of the coating.

Experiments and discussion

To determine possible areas of glass formation, a dia-
gram of glass compositions was obtained, which can be
the basis for obtaining ground and top enamels (Figure 1).
In these studies, the content range is SiO, 38.9-49.0%,
B203 14.4-24.4%, Na,O 16.0-23.0%, and the amount of
other compounds is Al,Os, TiO2, CaFz, MnO2, Co,03, NiO
does not vary and the choice of a specific value was based
on the values from the regulatory and technical documen-
tation. For the synthesis of coating enamels, the SiO,—
B203-Na,0 system was also selected, the content range of
which was assumed to be SiO, 42.0-43.4%, B,O3; 12.0-
13.0%, Na,O 11.0-12.5%, and for transparent the content
range is SiO; 47.0-52.2%, B,03 11.1-15.7%, Na,O 13.9-
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po3pavHbIX UHTEpBal coxepxanus SiO;2 47,0-52,2 %, B,0;
11,1-15,7 %, Na,O 13,9-18,0 %, Koau4ecTBO OCTAIBHBIX CO-

CIMHCHUN 0CTACTCS HCM3MCHHBIM.

Jus ymoOCcTBa MOCTpOCHHST HaHHOW AMArpaMMBl KOJHYe-
CTBO BapbupyeMbIx okcHIoB SiO2, B203, Na;O 6suto nepecun-
taHo Ha 100 %. B ycTaHOBIEHHBIX 007aCTAX COCTABOB OBLIU
CHHTE3HPOBAHBI JIBE CEPUH CTEKJIOMATPHUI] JUIs TIOJTyYEHUS 110-
KkpoBHbIX Oenbix (B) n mpo3paunsix (I1) smManeBbIX MOKPBHITHI
(tabnuua 1). M3ydeHue ux creksoo0pa3oBaHust IPUBEIIO K TO-
HUMaHHMIO TOTO, YTO CTEKJIO JJISl SMAJICBOTO TOKPBITUS MOXKHO

MOJTyYUTh B JTFOOOH TOYKH BHIOpaHHON 00JIaCcTH.

PUCYHOK 1

HWATPAMMA OBJIACTEM COCTABOB (mMac.%):

— 00J1aCTh CTEKJI000pa30BaHMsl PO3PAYHBIX I10-

KEOBHMX ImaJjeit

— 00J1aCTh CTeKJ1000pa30BaHus OeJIbIX IOKPOB-
HbIX dMaJiei

— 00J1aCTh CTeKJI000pa30BaHMs TPYHTOBBIX dMa-
JIei

l — oeast NMOKpPOBHAasl SMAJIb

— Npo3pavyHasi NOKPOBHAs dIMAIb

18.0%, the amount of other compounds remains un-

changed.

For the convenience of constructing this diagram, the
amount of variable oxides SiO», B,Os, Na,O was recalcu-
lated to 100%. In the established composition areas, two
series of glass matrices were synthesized to obtain white
(B) and transparent (P) enamel coatings (Table 1). The
study of their glass formation led to the understanding that
glass for enamel coating can be obtained at any point in
the selected area.

3203 90 80 70 60 50 40 30 20 10 NaZO
Figure 1 S|02 5 10 15 20 25
Composition area diagram (mass%): 70 @
— area of glass formation of transparent coating cs 2 35
enamels @" )
— area of glass formation of white top enamels 60 o
— area of glass formation of ground enamels - -
— white top enamel
— transparent top enamel % T
45 50
3203 45 40 3530 25 20 15 |\ 820
TABJMIA 1. XUMUYECKHUE COCTABBI SMAJIEBBIX TOKPBITHI
Table 1 Chemical compositions of enamel coatings
o o Conep:xanue OKCHIOB, Mac. %
o @ SEs o Oxides content, wt. %
=2 E5ES =
o © s & C . .
On | =210 8| Sio. B20s | NaO | ALOs | P:0s | MgO K20 TiO: CoO CaO | cBepx
o E 100%
Bl 42,01 12,00 12,49 4,00 3,57 1,20 6,68 18,00 0,05 - 3,50
B2 42,69 12,83 10,97 4,00 3,57 1,20 6,68 18,00 0,05 - 3,50
b B3 42,89 12,01 11,60 4,00 3,57 1,20 6,68 18,00 0,05 - 3,50
b4 42,03 12,99 11,48 4,00 3,57 1,20 6,68 18,00 0,05 - 3,50
b5 43,36 12,09 11,05 4,00 3,57 1,20 6,68 18,00 0,05 - 3,50
I11 47,00 13,26 17,74 11,30 - - 1,20 5,00 - 4,50 5,00
2 48,97 11,08 17,96 11,30 - - 1,20 5,00 - 4,50 5,00
1 13 52,24 11,86 13,90 11,30 - - 1,20 5,00 - 4,50 5,00
14 50,17 12,95 14,88 11,30 - - 1,20 5,00 - 4,50 5,00
I15 48,20 15,68 14,12 11,30 - - 1,20 5,00 - 4,50 5,00

Pacuer mmXTHI U1 SMaJIEBBIX MTOKPHITHH MIPOBOIWIN C yde-
TOM JAaHHBIX MTPOIICHTHOTO COAEPIKaHMUS OKCHIOB, IEPEXOISAIITIX
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B OMaJIb U3 MCXOAHBIX MAaTEPHAIOB U B COOTBETCTBHHM C JAHHOMN
METOIUKOM C TIOMOIIBIO KOMITBIOTEpHOM mporpaMmbl Microsoft
Office Excel 2016.

JIn1s IpUTOTOBIIEHHS IIUXT CHIPHEBBIE KOMIIOHEHTHI OTBEIIH-
BaJM HAa TeXHHYecKux Becax «Ohaus» PR 224 u cmemmBamu B
(dapdopoBsix O6apabaHax Ha BalIKOBOM MenbHHIE Mapku MIIJI
1-c. Bapky aManeBbIX QpUTT IPOU3BOAMIN B AITYH/IOBBIX TUTJISX,
IpeBapUTEIbHO MOMEIIEHHBIX B XOJOAHYI0 KaMEpHYIO 3JIeK-
Tpudeckyto neus Mapku TK.4.1600.3.]IM.1®D (OO0 «Tepmoxe-
pamMuKa») ¢ AaJbHEHIIMM YBEJIMYEHHE €€ TeMIepaTyphl o
1200-1250 °C c Beiepkkoit 30 MUHYT, OXJaKACHHE pacIliaBa
MPOU3BOIUIIOCH ITyTEM TPaHyJINPOBAHUS B XOJIOJHYIO Boay. Ja-
nee (GpUTTBI U3MENBUYANNCH 10 TMPOXOXKACHUS depe3 cuto Ne
0065 m Ha WX OCHOBE TONyYalW IIJINKEPHBIE CYyCIICH3UH,
cocrosimux Ha 100 % ¢purtsl, 40 % Bogsl, 4 % orHeymopHOH
rimHEl Bnagumupcekoro mecropoxaenus, 0,1 % snexTponuToB
NaNOs, KCI.

[IInukep CUHTE3UPOBAHHBIX ITOKPOBHBIX dMaJICii HAHOCHUIICS
Ha IpeABapUTEIHHO NTOATOTOBICHHBIE U 3aTPYHTOBAaHHBIC CTalIb-
Hble 00pas3iibl METOJIOM MyJIbBEPU3AIINH, Jajee 00pasLpbl CyIIn-
auck 15 muH npu temmneparype 80-90 °C B cymmnbHOM mKady
mapku 11IC-80-01 CITY. OGxur o0Opa3oB MpoBOAMICS B MYy-
(henpHOI 3MeKTpuUeckoil meun mnpu temreparype 850 °C c BbI-
JIEP’KKOM 3 MUHYTBHI.

Takum 00pa3oM, aHAIN3 CHHTE3WPOBAHHBIX ITOKPBITHH I103-
BOJIWJI BBISIBUTH ONTUMaJIbHBIE cocTaBbl b4, 12, koTopeie ernu
B OCHOBY JUI JalNbHEHIINX HCCIECAOBaHWH, a QPUTTHI JTaHHBIX
sMajiel crocOOHBI 00ECTIEUUTh TOyYeHHE KaueCTBEHHBIX dMa-
JIeBBIX MOKpHITHIL. [1, 2]

O6nacTy 3Ha4eHHI CBOMCTB SMaJIeBBIX MOKPBITUIL, TAKUX KaK
TKIJIP, BA3KOCTb U MOBEPXHOCTHOE HATSXKEHHE, ONPEIEIIIOTCS
(PM3NKO-XUMHYECKIMHU TPOLIECCAMH, KOTOPBIE TIPOUCXOAAT MPH
Bapke (PUTTHI. DTH MPOIECCH 00SCIEYNBAOT (POPMHUPOBAHUE
CTPYKTYpPBI 5Malli, COCTOSIIEH M3 OOpOCHIMKATHOTO CTEKIIa,
KapKac KOTOPOTO MMEET Pa3InYHYIO CTEIIeHb CBSI3aHHOCTH B 3a-
BHUCHMOCTH OT COZIEPKaHMUsI OCHOBHBIX OKCHJOB. Tak Kak pa3spa-
OOoTaHHBIE TOKPHITHS cUHTE3upoBaHBl B cucteMe NaO-B0sz—
Al;03-Si0O2, To HE0OXOIUMO U3YUHTH MTPOIIECCHI, TPOTEKAIOIIHE
IpH TepMO0OPabOTKe B X0/1€ BaPKK (PPUTTHI OTAEIBHBIX KOMIIO-
HEHTOB U UX cMmeceit. [3—7]

Pe3ynpTaTom Bcex IpoOLEccoB B X0JI€ TEPMOOOpabOTKe SBIS-
eTcst 00pa3oBaHNEe TOMOTEHHOTO PacIiaBa CTEKJIOMACCHI, B alTb-
HeHIeM U3 KoToporo GopMHUPYIOTCS TpaHyibl cTekna (GpuTTa),
CTPYKTYpa M CBOHCTBAa KOTOPOTO MPEAONPEALIIETCS MOIHOTOM
npoTeKaHusi (U3NKO-XUMHUYECKUX IIPOIECCOB, CTEIEHBIO CBS-
3aHHOCTH W CTPYKTYPHOH POJIBIO TIaBHBIX CTEKJIO00pPa3yrONIUX
okcunoB SiO2 u By0s.

OCHOBOTIOJIATAIOIMA CTEKJI000pa3yONIMi THOKCHL KpeM-
HHSI HAXOJIUTCS B CTPYKTYpe cTekna B hopme TeTpadapos [SiO4],
KOTOpBIE MOT'YT 00J1aJaTh Pa3HbIMU CBOHCTBAMH, YTO 3aBHCHUT OT
KOJIM4ecTBa OKCHA0B Moaupukaropos Me,O u MeO. B stom
cilydae MOXeT 00pa30BBIBAThCSA JTHOO JIBYCBSI3HBIN (MOCTHKO-
BBII) KHUCIIOPO/I, INOO OJJHOCBSI3HBIN (HEMOCTHKOBBIN ), KOTOPHIE
OTIIMYAIOTCS CBOMCTBAMH M BIMSIOT HA MMPOYHOCTH CBA3EH CTEK-
noo0pa3Horo kKapkaca. KolIM4ecTBEHHO ATOT HapameTp MOXKHO
OIICHUTH IO CTETIEHU CBSI3HOCTH KPEMHEKHCIOPOJHOTO KapKaca,
Mepoit KOTopoii ciykuT ko3 duiueHT fsi, paBHbIA OTHOLICHHIO
YHCcila aTOMOB KPEMHHsI K YHCITy aTOMOB Kuciopona Si/O, unu
obpaTHas BesmunHa — kucnopoanoe yucio R = O/Si. Koapdu-
uueHT fsj Beramcsercs no gopmyie:

percentage of oxides passing into the enamel from the
starting materials and in accordance with this method us-
ing the Microsoft Office Excel 2016 computer program.

To prepare the charge, the raw materials were
weighed on an Ohaus PR 224 technical scale and mixed
in porcelain drums on an MSHL 1-s roller mill. Cooking
of enamel frits was carried out in alundum crucibles, pre-
viously placed in a cold chamber electric furnace brand
TK.4.1600.E.DM.1F (Termokeramika LLC) with a fur-
ther increase in its temperature to 12001250 °C with a
holding time of 30 minutes, the melt was cooled by gran-
ulation in cold water. Next, the frits were crushed until
passing through sieve No. 0065 and based on them slip
suspensions were obtained, consisting of 100% frits,
40% water, 4% refractory clay from the Vladimir de-
posit, 0.1% electrolytes NaNOs, KCI.

The slip of synthesized coating enamels was applied
to previously prepared and primed steel samples by
spraying, then the samples were dried for 15 minutes at
a temperature of 80-90 °C in a ShS-80-01 SPU drying
cabinet. The samples were fired in an electric muffle fur-
nace at a temperature of 850 °C with a holding time of 3
minutes.

Thus, the analysis of the synthesized coatings made
it possible to identify the optimal compositions B4, P2,
which formed the basis for further research, and the frits
of these enamels can ensure the production of high-qual-
ity enamel coatings. [1, 2]

The ranges of properties of enamel coatings, such as
thermal expansion coefficient, viscosity and surface ten-
sion, are determined by the physicochemical processes
that occur during frit cooking. These processes provide
the formation of an enamel structure consisting of boro-
silicate glass, the framework of which has varying de-
grees of cohesion depending on the content of the main
oxides. Since the developed coatings were synthesized
in the Na,O-B,03-Al,03-SiO; system, it is necessary to
study the processes occurring during heat treatment dur-
ing frit cooking of individual components and their mix-
tures. [3-7]

The result of all processes during heat treatment is
the formation of a homogeneous melt of glass mass,
from which glass granules (frit) are subsequently
formed, the structure and properties of which are deter-
mined by the completeness of the physical and chemical
processes, the degree of connectivity and the structural
role of the main glass-forming oxides SiO and BOs.

The main glass-forming silicon dioxide is found in
the glass structure in the form of [SiO4] tetrahedra,
which can have different properties, depending on the
amount of oxide modifiers Me,O and MeO. In this case,
either doubly connected (bridging) oxygen or singly
connected (non-bridging) oxygen can be formed, which
differ in properties and affect the strength of the bonds
of the glassy frame. This parameter can be quantitatively
assessed by the degree of connectivity of the silicon-ox-
ygen framework, the measure of which is the coefficient
fsi, equal to the ratio of the number of silicon atoms to
the number of oxygen atoms Si/O, or the reciprocal
value - the oxygen number R = O/Si. The fs; coefficient
is calculated using the formula:

fsi = Nsio,/(MMe,0 + MMeo + 3NMe, 04, T 2NMe0, + 5MMe,05 T 3MMe05):
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rzie Nj — 9MCII0 MOJIEH COOTBETCTBYIOIIETO OKCHA.

Ksapuesoe crexiio, He cozpepixKaliee OKCHI0B MOAN(HUKATO-
POB, TIOJTHOCTBIO COCTOUT M3 TETPasAPoB [SiO4], y KOTOPBIX Kaxk-
JBII KHCIIOPOA SBJIAETCS OOLIMM C ABYMsI COCEAHHMH TETpad[-
pamu. IIpu nobaBieHnH B TaKO€ CTEKJIO Jajke MAJIbIX KOJIMYECTB
OKCHJIOB OJJHO- M JIByXBAJICHTHBIX METAJIOB OJlHA BEpIIWHA Y
TeTpa’ipoB [SiOs] 0Opa3yeT HEMOCTUKOBBIN KHCIOPOI, TaK KaK
PAIOM ¢ HUM MOHAMM KHCJIOPOJa OKa3bIBAIOTCA MOHBI Me?"1*,
KOTOphIE 00M1a1atoT 60J1€€e cabbiM MojieM, dyeM katuon Si**. Ko-
JUYECTBO TAKUX HEMOCTHKOBBIX KHCIOPOJZOB B CTPYKTypE TET-
PasapoB yBETHMUYHBACTCSA 1O MEpPE BO3PACTAHMS COJECPKAHHUI B
cTexiie cyMMBl okcuaoB Me;O u MeO. KpemHeKucIopogHbIit
CTEeKII000pa3HbIi Kapkac cTekiia coctasa (Me2O + MeO)-2Si0»,
cozepskamuii npuMepHo 67 % SiO2, TOTHOCTBIO COCTOUT U3 TET-
Pa’apoB € OAHOM BEPIIMHON HEMOCTUKOBOT'O KUCIOPOa, YTO OT-
pakaeTcs Ha Ha CBOWCTBax crekia. [lo maHHBIMU peHTreHoda-
30BOr0 aHanu3a paccrosiuue Si—O B CTPYKTYPHOM dJieMeHTe Si—
O—Me meHbIre, yeM B Si—O—Si U COCTaBISAIOT B KpUCTaJLIHYC-
CKOM METACHUIIMKATE HATPUSA: B CTPYKTYpHOM 3jieMenTe Si—O-Si
—1,67u 1,68 A, aB Si-O-Na — 1,57 A. Taxoii 3¢pdexT u3Mene-
HHUSL PAcCTOSHUM MeXAy HOHaMH M3BECTEH WU Ha3bIBAaeTCs
KOHTPIIOJISIPU3ANUS», UIIH «BTOPHIHAS TIONsIpU3anusy. Takum
o0pa3oM, no0aBlieHHE B KBaplEBOE CTEKJIO OKCHIOB OJHO- W
JBYXBAJICHTHBIX METAIIOB NPHBOJUT K HEOOJBIIOMY HCKaXe-
HUIO TeTpadapoB [SiOs], B pe3ynpTaTe 4ero CTPyKTypHas CeTKa
YIDIOTHSETCSA. DTO NIPUBOAMT K TOMY, YTO ITOJI BIMSHHUEM TEMIIC-
paTypsl CIIOCOOHOCTB TETPAIAPOB K KOJICOATEIbHBIM ABHKECHHIAM
PE3KO0 BO3PACTAET U3-3a «OCIaOICHUS» OTHON BEPIINHEI. DTO SIB-
JieHue BIusieT Ha BennunHy napruansHoro TKIIP SiO2, koTopsrii
B MHOTOKOMITOHEHTOM cTeKJe 3HaunuTensHo 6osbiie TKIIP un-
CTOro cTeKI000paszHoro kpemuesema ((5-38)-107 K1).

V3MeHeHne CTeNeHH CBA3HOCTH KPEMHEKHCIOPOIHOTO Kap-
Kaca BJIMSCT, IPEKAE BCETO, HA BSI3KOCTHBIE XapaKTEPUCTHUKU
pacruiaBa CTEKOJ U Ha JIpyTHe, 3aBHUCSIIHIE OT BA3KOCTH, (pr3nko-
XMMHUYECKHE W TEXHOJIOTMYECKHE CBOMCTBaxX. B aByXkomrio-
HeHTHOH cucteme NayO—SiO2 BA3KOCTh yMEHbIIAeTCs Ha BOCEMb
nopsiaAKoB ¢ ymenbienueM fsi ot 0,5 1o 0,4. Bs3kocts urcToro
kpemHesema npu 1400 °C coctapiser 1096 n3, a 6Gucunuxara
Na;Si>Os — 2,8-10% 113, uTO ABNIAETCA CIEACTBHEM Pa3phbiBa MO-
CTHKOBBIX CBsi3eil B anemeHTe Si—O-Si. AHaJOrMYHBIA Mexa-
HHM3M UMeEET AeHCTBHE BOJIBI M (PTOPUIOB, TOJIBKO B 3TOM CIydae
o0pasyeTcst BOJOpOIHAS CBSI3b, a BBeIeHHE (hPTOPHUIOB MPUBOIUT
K pa3pbiBy MOCTHKOBBIX KPEMHEKHCIOPOAHBIX cBsizeid. [8—10]

B 0OBIUHBIX CHJIMKATHBIX MPOMBIIIJICHHBIX CTEKJIaX KOJIHYe-
ctBo Si0; B cocTaBax cocrapiser 0osaee 50 M01.%, a, 3HAUUT B
3TOM citydae 00pa3yroTcsi MPOTSHKEHHbIE CTPYKTYpBI, T.€. OHH
yKIaJpIBaloTCs B HOpMY: fsi > 0,333, T.e. R > 2. OnHako cocTaBbl
aMajield, KaK npaBuio, coaepxar SiO; menee 50 mon.% u mo-
9TOMY JUIS YBEJIWYEHHS CTPYKTYPHOH CBS3aHHOCTH CTEKJIO00-
pa3sHOro Kapkaca HEOOXOJUMO BBEACHHE JIOTIOIHUTEIHLHOTO
CTEKJIOOOPa3yIOMIET0 OKCH/IA.

BropeiM cTek1000pa3yIomuM OKCHIOM, KOTOPBIH He00Xo-
MO YYUTHIBATh NIPH pacueTe CTENEeHH CBSI3aHHOCTH CTEKII000-
pa3HOro Kapkaca B JaHHBIX IMasx siysiercs: BoOs, koTopblit 00-
JajiaeT 0coObIM CBOWCTBOM ()IOCa B CTEKJIAX, CIIOCOOHOCTHIO
CHMATh CKJIIOHHOCTb K 00pa30BaHUIO KPHCTAJUIOB M YJIy4IlIaTh
XMMHUYECKHE, IEKTPUIECKHE U TePMHUYECKHE XapaKTepPHCTHKH,
a TaKk)ke OOPHBIM aHTUAPHUT MOHIPKAET TEMIIEPATypy IIaBICHUS
u Bsi3kocTh, yMeHbliaeTr TKJIP, moBepxHOCTHOE HaTSKEHHE U
CKJIOHHOCTh K KPHCTAJUIM3alMH, MOBBIIIAET TEPMOCTOMKOCTS,
XMMHYECKYIO CTOMKOCTD M yJIy4IllaeT MEXaHHYECKUE XapaKTepH-
ctuky. [11]
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where n; — number of moles of the corresponding ox-
ide.

Quartz glass, which does not contain modifier ox-
ides, consists entirely of [SiO4] tetrahedra, in which each
oxygen is shared with two neighboring tetrahedra. When
even small amounts of mono- and divalent metal oxides
are added to such glass, one vertex of the [SiO4] tetrahe-
dra forms non-bridging oxygen, since the oxygen ions
next to it are Me?*!* ions, which have a weaker field than
the Si** cation. The number of such non-bridging ox-
ygens in the structure of tetrahedra increases as the con-
tent of the total oxides Me;O and MeO in the glass in-
creases. The silicon-oxygen glass frame of glass with the
composition (Me2O + MeO)-2Si02, containing approxi-
mately 67% SiO,, consists entirely of tetrahedra with
one vertex of non-bridging oxygen, which affects the
properties of the glass. According to X-ray phase analy-
sis, the Si—O distance in the Si-O—Me structural element
is less than in Si—O-Si and is in crystalline sodium meta-
silicate: in the Si—O-Si structural element — 1.67 and
1.68 A, and in Si-O-Na — 1.57 A. This effect of chang-
ing the distances between ions is known and is called
“counterpolarization” or “secondary polarization”.
Thus, the addition of oxides of mono- and divalent met-
als to quartz glass leads to a slight distortion of the [SiO4]
tetrahedra, as a result of which the structural network be-
comes denser. This leads to the fact that, under the influ-
ence of temperature, the ability of tetrahedra to vibrate
sharply increases due to the “weakening” of one vertex.
This phenomenon affects the value of the partial LTEC
of SiO02, which in multicomponent glass is significantly
greater than the LTEC of pure glassy silica ((5-38)-10~7
K.

A change in the degree of connectivity of the silicon-
oxygen framework affects, first of all, the viscosity char-
acteristics of the glass melt and other viscosity-depend-
ent physicochemical and technological properties. In the
two-component Na,O-SiO, system, the viscosity de-
creases by eight orders of magnitude with fs; decreasing
from 0.5 to 0.4. The viscosity of pure silica at 1400 °C is
10'°€ poz, and that of bisilicate NazSi,Os is 2.8-102 poz,
which is a consequence of the rupture of bridging bonds
in the Si-O-Si element. A similar mechanism is the ef-
fect of water and fluorides, only in this case a hydrogen
bond is formed, and the introduction of fluorides leads
to the rupture of bridging silicon-oxygen bonds. [8-10]

In ordinary silicate industrial glasses, the amount of
SiOy in the compositions is more than 50 mol.%, which
means that in this case extended structures are formed,
i.e. they fit within the norm: fs; > 0.333, i.e. R > 2. How-
ever, enamel compositions, as a rule, contain SiO; less
than 50 mol.% and therefore, to increase the structural
cohesion of the glassy frame, it is necessary to introduce
an additional glass-forming oxide.

The second glass-forming oxide that must be taken
into account when calculating the degree of cohesion of
the glassy frame in these enamels is B»Os, which has a
special flux property in glasses, the ability to reduce the
tendency to form crystals and improve chemical, electri-
cal and thermal characteristics, as well as boric anhydrite
lowers the melting point and viscosity, reduces TCLE,
surface tension and tendency to crystallization, increases
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B 3aBucuMocTH OT ycloBUM, TAKMX KaK COCTaB M TemIlepa-
Typa, 00p B CTEKJIE MOXKET H3MEHATH CBOIO KOOPIMHAIIUIO, YTO
BJIHSET Ha €T0 CTPYKTYPHYIO POJb M CBOUCTBA CTEKJIA (M3BECTHAS
Kak OopHast anomanus). Hanpumep, ctexiro ¢ 60poM B TpoitHO#
KOOPAWHAIINY HECTAOMIHFHO XMMHYECKH M MIMEET ITOBBIIICHHOE
MOBEPXHOCTHOE HaTsDKeHUe. | TaBHOM NpUYMHONM H3MEHEHUS KO-
OpAMHALMH O0pa ABJISIETCS KOHIIEHTPALUS OKCHIOB IEOYHbIX U
IIeJIOYHO3EMENbHBIX METalJIOB B cTekie. Eciau oTHouieHue
(Me20 + MeO) / B2Os > 1/3, To 00p mepexoaut U3 TPOWHOU B
YETBEPHYI0 KOOPAUHALMIO. DTO MPOUCXOAUT MOTOMY, UTO IS
00pa3oBanus TeTpasnpos BOs Ha kaxawlii mon B tpebyercs
JIBa MOHA KHUCIopoaa, a B BoO3 ux Tonpko montopa. Hemocratok
KHCJIOPO/Ia KOMICHCHPYETCA 3 CUET KHCIOPOAa M3 OKCHIOB IIle-
JIOYHBIX M MIEIOYHO3EMENbHBIX METAIIIOB.

B cuHTE3MpPOBAHHBIX SMANAX B CTEKIO00pa30BaHUH IOMUMO
KpeMHHS U O0pa yJacTBYeT TaKKe aFOMHUHHN, KOTOPHIE BMECTE
CrocOoOHBI  00Pa30BBIBATH CIMHBIA aTOMOOOPOKPEMHEKUCIIO-
POJHBIN KapKac MpU YCIOBUH JOCTaTOYHOI'O KOJHYECTBA OKCHU-
JIOB OJTHO- U IByXBaJICHTHBIX METAJJIOB, KOTOPHIE B JAHHOM CITy-
qae SBIISIOTCS JOHOpaMu kucnopona. Ilpu HemocTaTke OKCHIOB
MIETIOYHBIX M IIEJI0OYHO3EMEJIHBIX METAJIJIOB IEPBBIM aJIFOMU-
HHI IEPEXO/IUT B YETBEPHYIO KOOPAMHALINIO, @ BTOPBIM 0Op, TaKk
KaK YeTBEpHas KOOPOMHAIWS aIOMHHHSA IO CTPYKType Ooree
MPEAIOYTHTENIbHA, YeM YeTBEepHas KoopauHamms Oopa. Takoe
SIBJICHHE TIOJTyYHIIO Ha3BaHUE AMFOMOOOpHAs aHOMANHS, CyTh KO-
TOpPOH B MPEANOYTHTEIFHOCTH TEPEeX01a alIOMUHUS B YETBEp-
HYIO KOOPJMHAIHIO. B aIFoMOOOPOCIITMKATHEIX CTEKIaX IPH J0-
BOJIFHO 3HAaYUTEeIhbHOM oOTHOmeHnH Me,O/B203 kommdectBa
KUCIIOPO/a B CTPYKTYPE JOCTATOYHO JUISl TOTO, YTOOBI BBOAUMBIIA
B CHCTEMY AJIFOMUHUI NEPEXOIUN U3 IIECTEPHON B UYETBEPHYIO
KOOPAMHAIIMIO ¥ BCTPAUBAJICS B CTPYKTYPY CTEKJIA, YTO IOJIOKHU-
TEJIBHO BJIMAET Ha ero cBoicTBa. IIpu yBeln4eHnn KonudecTBa
AIIOMUHUS CBOOOJHBIM KHCIOPOJ MOXET OBITh M3PAacXOJ0BaH
MOJIHOCTHIO U JanibHel ee oopa3oBanue Terpad’apos [AlO4] Bo3-
MOJKHO TOJIBKO 32 CUET KUCIIOpOIa TETPa’ApoB Oopa, OTAaBas Ko-
TOPBII OH TIEPEXOIUT B TPOIHYIO KoopanHanuto BOs, gaTo mpu-
BOJIUT K M3MEHEHHIO CBOWCTB CTEKJIA.

B ciygae ecnr cootHomenne Me,O/B,03 umeer HU3KOe 3Ha-
YeHHe, TO Tepexoa TeTpadapoB BOs B TpOiiHYIO KOOPIUHALIUIO
HAYMHAETCS cpa3y IpPHU BBEJCHUH B CTEKJIO aTIOMHHHUS. VIOHBI
60pa U3 CTPYKTYPHI CBSI3aHHOTO CTEKJIOOOpPa3HOIO KapKaca BBI-
TECHSIOTCS, YTO PE3KO CKa3bIBAeTCSd HA W3MEHEHHMH TaKHX
CBOWCTB CTeKJa KaK, INIOTHOCTb, TBEPAOCTb, MOKA3aTeNlb Ipe-
nomnenusi, TKJIP, xumuueckast CTOUWKOCTb.

IIpu HegoCTaTKe OHO- M ABYXBAJICHTHBIX HOHOB OKCHJT aJIf0-
MUHHS HE MOXET ITONHOCTHIO BCTPOUTHCS B CTEKIOOOpa3HBII
KapKac M TOrJa B CTPYKType OyayT NpUCYTCTBOBATh U IIECTH- U
YETBIPEXKOOPAVHUPOBAHHBIN alIOMUHHM, YTO TAaKXkKe OTPA3UTCS
Ha CBOMCTBax crekia. [§]

[pu coBmectHo Haxosmuxcs B crekie Al,Oz u B2O3, ux co-
CTOSIHHE OTIPENIeNSIETCs 110 YPaBHEHHIO

heat resistance, chemical resistance and improves me-
chanical characteristics. [11]

Depending on conditions such as composition and
temperature, boron in glass can change its coordination,
which affects its structural role and the properties of the
glass (known as boron anomaly). For example, glass
with boron in triple coordination is chemically unstable
and has increased surface tension. The main reason for
the change in boron coordination is the concentration of
alkali and alkaline earth metal oxides in the glass. If the
ratio (Me2O + MeO) / B,O3 > 1/3, then boron goes from
triple to quadruple coordination. This happens because
for the formation of BO4 tetrahedra, two oxygen ions are
required for each B%* ion, while in B,O;3 there are only
one and a half of them. The lack of oxygen is compen-
sated by oxygen from the oxides of alkali and alkaline
earth metals.

In the synthesized enamels, in addition to silicon and
boron, aluminum also participates in glass formation,
which together are capable of forming a single alumi-
num-boron-silicon-oxygen framework, provided there is
a sufficient amount of oxides of mono- and divalent met-
als, which in this case are oxygen donors. When there is
a lack of oxides of alkali and alkaline earth metals, alu-
minum is the first to undergo quaternary coordination,
and boron is the second, since the quaternary coordina-
tion of aluminum is structurally more preferable than the
quaternary coordination of boron. This phenomenon is
called the aluminum-boron anomaly, the essence of
which is the preference for the transition of aluminum
into quadruple coordination. In aluminoborosilicate
glasses, with a fairly significant Me,O/B,0Os ratio, the
amount of oxygen in the structure is sufficient for the
aluminum introduced into the system to pass from six to
fourfold coordination and be incorporated into the glass
structure, which has a positive effect on its properties.
With an increase in the amount of aluminum, free oxy-
gen can be completely consumed and further formation
of [AlO.] tetrahedra is possible only due to the oxygen
of boron tetrahedra, giving up which it goes into the tri-
ple coordination of BOs, which leads to a change in the
properties of glass.

If the Me,O/B0s ratio is low, then the transition of
BO, tetrahedra to triple coordination begins immediately
upon the introduction of aluminum into the glass. Boron
ions are displaced from the structure of the bonded
glassy frame, which dramatically affects the change in
such glass properties as density, hardness, refractive in-
dex, thermal expansion coefficient, and chemical re-
sistance.

If there is a lack of mono- and divalent ions, alumi-
num oxide cannot be completely integrated into the
glassy frame, and then six- and four-coordinated alumi-
num will be present in the structure, which will also af-
fect the properties of the glass. [8]

When Al,O;3 and B3 are present together in glass,
their state is determined by the equation

YB = (MeO + Me,0O — A|203) / B,Os

rae MeO = BaO + 0,7-(CaO + SrO + CdO + PbO) +
0,3-(MgO + ZnO); Me,0 = NayO + K20 + 0,3-Li,0:

where MeO = BaO + 0,7-(CaO + SrO + CdO + PbO)
+0,3-(MgO + ZnO); Me,0=Na,0+K,0+0,3-Li,0:
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VB CTpyKTypHOE COCTOSIHUE

v>1 AlOs  BOy, - -
1>\|l>1/3 A10y, BOy, BO;3 -
1/3 >y>0 A10Qq, - BO3 -

\V<0 AlO4 — — A10g

Takme BHAOBI aHOMANHH CTPYKTYpPHI CTEKJIa, Kak OOpHas |
IIOMOOOPHAsT OTPAXKAIOTCSI B OCHOBHOM TOJIBKO Ha CTPYKTYPHO
YYBCTBUTEIBHBIX CBOMCTBAX TAaKUX KakK, INIOTHOCTb, TBEPIOCTD,
MOJIyJIb YIPYTOCTH, IOKa3aTeNb MPEJIOMIICHHS, a TAKXKe OTYaCTH
JuanexTpudeckoil mponunaemoct u TKIIP.

[TosToMy nasnee [Uist OLIEHKH TPOYHOCTH aITIOMOOOPOKpEMHE-
KHCJIOPOJHOTO KapKaca CUHTE3UPOBAHHBIX HMAJICBBIX MOKPBITUI
ObLTH IpOM3BeIeHBI pacueThl (Tabnuua 2) [3—5] rakux nokasare-
JIeH Kak:

a) CTeIeHb CBA3aHHOCTH

VB Structural condition
y>1 A10y, BOy, - -
1>W>1/3 A10y, BOys, BO;3 -
1/3 >y>0 Al10,, - BOs3 -
\V<O A104, — — A10¢

Such types of glass structure anomalies as boron and
aluminum boron are reflected mainly only on structur-
ally sensitive properties such as density, hardness, elas-
tic modulus, refractive index, and also partly dielectric
constant and thermal expansion coefficient.

Therefore, further, to assess the strength of the alu-
minum-boron-silicon-oxygen frame of the synthesized
enamel coatings, calculations were made (Table 2) [3—
5] of such indicators as:

a) degree of connectedness

fsigal = (Nsjo, + 2np,0, + 2n41,0,)/(MNg,0 + Nk,0 + NMgo + 3 * (Nag,0, + Np,0,) + 20740, + SNp,0,),

0) mokazareib

b) index

VB = (N8.20+K20+0,3 -MgO—AI203)/8203,

B) TKJIP, xak rmaBHOE CBOWMCTBO MPEIONPENEIIIIONIee MPo-
HOCTHh KOMITO3UILIMH CTEKIO—OMAaJIb

¢) TCLE, as the main property that determines the
strength of the glass-enamel composition

_xam
a= /100

TABJIAIA 2 IOKA3ATEJIA SMAJIEBBIX IOKPBITUIA

Table 2 Indicators of enamel coatings

Cepust IMaseBoe HOKpHITHE IMoka3aTeanb Crenenn CBSI3aHHOCTH TKJIP
Series Enamel coating Index Degree of F:onnectmty TC7LE_1

VB fsiBAl 010’ K

B1 1,40 0,38 100,41

B2 1,18 0,38 94,38

B (B) B3 1,32 0,39 97,01

B4 1,21 0,39 96,28

B5 1,26 0,40 94,89

P1 1,28 0,46 101,36

P2 1,56 0,46 102,73

I (P) P3 1,07 0,47 87,70

P4 1,06 0,47 90,98

P5 0,82 0,48 87,43

AHau3 MONYYCHHBIX JaHHBIX MMO3BOJII YCTAHOBUTH, UTO
3HaveHus mokaszarens yg = 1,18-1,40 mis Oenbix smaneit u
1,06-1,56 — mpo3paunsIx cTpykTypHOE coctositue Al u B B co-
craBax b1-b5 u I11-I14 HaxoauTcs B 4eTBEpHOI KOOPAUHALIMU
AlOs u BO4, urto obecrneunBaer 00pa3oBaHUE EIUHOTO
AIIOMOOOPOKPEMHEKHICIIOPOIHOTO KapKaca ¢ BBICOKOM cTere-
HbI0 cBsa3aHHoCcTH 0,38-0,40 mus 6enbix omaiei u 0,46-0,47 —
Mpo3payHbIX. JT0 obecmeunBaeT (HOPMUPOBAHKE HETIPEPHIB-
HOTO B JIByX U3MEPEHUAX CTEKIO00PA3HOTO aIFOMOOOPOKPEM-
HEKHCJIOPOJJHOTO KapKaca, COCTOSIIEr0 U3 TAKUX CTPYKTYPHBIX
enuHuI Kak, TeTpasapbl [BO4]>, [AlO4]% u [SiO4]*, B koTOpPBIX
JIBA aTOMa KUCIIOPOJIa SBISIOTCS HEMOCTHKOBBIMH, a JIBa — MO-
CTUKOBBIMH. OTpHIIATENFHBIN 3aps]l aHHOHHBIX TPYIIAPOBOK
B 9TOM cjlydae 4acTHYHO KoMmreHcupyercs noHamu Na* u K*
JIOKAJIM30BaHHbIE B 3THUX TeTpa’apax. B pesynbrare oOpasy-
1oTcs cTabunbHble rpynnst atomos [(SiO4)Na*]?, [(BO4)Na*T+
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Analysis of the data obtained made it possible to estab-
lish that the values of the indicator yg = 1.18-1.40 for
white enamels and 1.06-1.56 for transparent enamels; the
structural state of Al and B in compositions B1-B5 and
P1-P4 is in the quaternary coordination of AlO4 and BOs,
which ensures the formation of a single aluminum-boron-
silicon-oxygen framework with a high degree of cohesion
of 0.38-0.40 for white enamels and 0.46-0.47 for trans-
parent ones. This ensures the formation of a glassy alumi-
num-boron-silicon-oxygen frame, continuous in two di-
mensions, consisting of such structural units as [BO4]®,
[AlO4]> and [SiO4]* tetrahedra, in which two oxygen at-
oms are non-bridging and two are bridging. The negative
charge of the anionic groups in this case is partially com-
pensated by the Na* and K* ions localized in these tetra-
hedra. As a result, stable groups of atoms [(SiOs)Na*]*,
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, [(AlOs)Na*]*. dopmupoBanue Takoi CTPyKTYpHbI IPEIOIIpe-
JeJeT TeIUIO(H3HIECKHe CBONWCTBA AMAJICBBIX MOKPBITHH, a
nmenno TKJIP B amamazone (95-100)-107 K ansa Gensix u
(87-102)- 107 K** nns npo3padHbIX SManeBbIX MOKPBITHIA. DTO
obecreunBaeT 00pa3oBaHWE HH3KUX II0 CBOMUM 3HAYCHUSIM
HAMPSDKCHUI CKATUsI B XOJIe OXJIAXICHHS MOce 00XKHUra CH-
CTEMBI 3Mallb—METAII, YTO CMIOCOOCTBYET MOBBIILICHHIO TIPOY-
HOCTH 3MAJIeBBIX TOKPBITHH, TaK KaK Mpened MPOYHOCTH Ha
CKaTHe y CTEKOJ W dMajlell Ha ux ocHoBe B 10—15 pa3 Boliue,
4yeM Ha pacTsokeHue. [8, 12]

Takum 00pa3oM, BEIABICHBI 3aKOHOMEPHOCTH CTEKI000pa-
3oBanus B cucreme Na,O-B,03—Al,03-SiO,, koTopsie M03B0-
JSI0T CHHTE3UPOBATh CTEKIIA IS MAJICBBIX IIOKPBITHIA, Xapak-
TepHU3YIOLINECs 1OCTATOYHBIMH 3HAUCHUSIMH CTPYKTYPHBIX 10~
Kazatesei g, fsip Al, 4TO CIOCOOCTBYET OOeceueH IO POPMHU-
POBaHMS €IUHOTO ATFOMOOOPOKPEMHEKHCIIOPOTHOTO KapKaca ¢
BBICOKOI CTETIEHBIO CBSI3aHHOCTH, YTO IPEIONPEACIISIET TEXHO-
JIOTUYCCKUEC U TCXHUKO-OKCILTyaTalluOHHBIC CBOICTBA.

3akiouenue

3HAaYUMOCTb PabOTH 00OCHOBAaHA TEM, UTO JIOKa3aHbI MOJI0-
JKSHUSI, BHOCSIIIIME BKJIAJ B PACIIMPEHUE TEOPETHIECKUX TIpe-
CTaBJICHUH 0 (PM3UKO-XMMUYECKUX MpoLeccax MOIyYeHHs SMa-
JIEBBIX TIOKPBITHA JJS CTalbHBIX OOJWIIOBOYHBIX MaHENeH.
YcTaHOBIIEHBI 00JIACTH W 3aKOHOMEPHOCTH CTEKII0O0Opa3oBa-
s B cucreme Na,O-B;03-Al,03-SiO>—RxOy s Bo3MOK-
HOTO TIOJTyYeHHS SMaJEeBBIX IMOKPHITHH, B KOTOPBIX O0ecIeqn-
BaeTca (OPMHUPOBAHUE EIMHOTO ATFOMOOOPOKPEMHEKUCIIO-
POTHOTO KapKaca C BBICOKOH CTEMEHBIO CBA3aHHOCTH, YTO
npeonpeessieT UX TeXHOJIOTHYEeCKUE U TEXHUKO-IKCILTyaTa-
IIMOHHBIE CBOWCTBA. [loJlydyeHHbIe NaHHbIE PACUIMPSIOT Mpe.-
CTaBJICHUsI O CUHTE3€ HOBBIX COCTABOB 3MAJIEBBIX MOKPBITHIA
JUTSL CTAJIbHBIX OOJIMIIOBOYHBIX TTAHENEH C BRICOKOI aTMochep-
HOW CTOMKOCTBIO, CIIOCOOHBIX 3KCILTYyaTHPOBATHCS B ITUPOKOM
TEeMIIepaTypHOM IHaIa3oHe.
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[(BOs)Na*]*, [(AlO4)Na*]* are formed. The formation of
such a structure predetermines the thermophysical proper-
ties of enamel coatings, namely TCLE in the range of (95—
100)-10-7 K for white and (87-102)- 10~ K** for transpar-
ent enamel coatings. This ensures the formation of low
compressive stresses during cooling after firing the
enamel-metal system, which helps to increase the strength
of enamel coatings, since the compressive strength of
glasses and enamels based on them is 10-15 times higher
than the tensile strength. [8, 12]

Thus, the patterns of glass formation in the Na,O—
B203-Al,03-SiO, system have been identified, which
make it possible to synthesize glasses for enamel coatings
characterized by sufficient values of the structural param-
eters yg, fsi s al, Which helps ensure the formation of a sin-
gle aluminum-boron-silicon-oxygen frame with a high de-
gree of cohesion, which predetermines technological and
technical-operational properties.

Conclusions

The significance of the work is justified by the fact that
it has proven provisions that contribute to the expansion
of theoretical ideas about the physical and chemical pro-
cesses of obtaining enamel coatings for steel cladding pan-
els. The areas and patterns of glass formation in the Na,O-
B203-Al>03:-Si0,—Rx0y system have been established for
the possible production of enamel coatings, in which the
formation of a single aluminum-boron-silicon-oxygen
framework with a high degree of cohesion is ensured,
which predetermines their technological and technical-op-
erational properties. The data obtained expand the under-
standing of the synthesis of new compositions of enamel
coatings for steel cladding panels with high atmospheric
resistance, capable of operation in a wide temperature
range.
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