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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pephepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Ceramic glazes for porcelain tiles are strategically
important components of building materials within the industrial and innovative
development programs of the Republic of Kazakhstan. Porcelain tile production is
a high-technology process in which glazes play a key role in forming the decorative
and performance properties of finished products. The relevance of this work
stems from the need to reduce dependence on imported components and improve
the cost-effectiveness of porcelain tile production. Objective. Development of
import-substituting glazes for porcelain stoneware based on local mineral raw
materials of the Republic of Kazakhstan, providing stable technological and
operational properties while reducing production costs. At present, porcelain tile
production facilities in Kazakhstan have a combined design capacity of several
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tens of millions of square meters per year, covering a substantial part of domestic
demand. Methods. The objects of the study were local mineral raw materials used
in glaze technology, developed composite glaze compositions, and fired samples of
glazed porcelain tiles. The mineralogical and chemical characteristics of feldspar,
silica-containing, and clay raw materials were investigated, as well as their
influence on melting behavior and glass phase formation. Experimental studies
were carried out to select optimal glaze formulations and firing regimes under
industrial conditions. Results. As a result, glaze coatings with stable technological
and performance characteristics suitable for industrial application were obtained
using local import-substituting raw materials. It has been established that the use
of local raw materials allows for the production of competitive products while
reducing the cost of production of porcelain tiles. Conclusions. The results provide
a scientific and technological basis for the development and implementation of
new import-substituting glazes and for expanding the domestic raw material base
for porcelain tile production in the Republic of Kazakhstan.

Keywords: Porcelain stoneware, engobe, protective glaze, glaze compositions,
import substitution
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Annorauusi. Ozexminici. Kazakcran PecnyOnukacbiHIa jKy3ere achlpbUIbII
KaTKaH WHAYCTPUSUIBIK-MHHOBALUMSUIBIK — AaMy Oafjapiamanapbl — asiChbHIA
KEepaMOTPaHUTKE apHaJIFaH KePaMUKaJbIK [71a3ypb KYPBUIBIC MaTepHalgapblHbIH
CTpaTervsUIbIK MaHBI3BI O0ap Kypamuac Oeiri Oomein Tabbuiaasl. Kepamorpanut
OHJIIpici — KOFapbl TEXHOJOTHSJIBIK MPOLECC, OHJA TNa3yph JalblH OYHBIMHBIH
COHJIIK YKOHE MaiallaHy KaCUeTTePiH KaMTaMachl3 €TETIH HETi3T1 peJt aTKapabl.
Kazipri skarmaiiza miasypb MaTepHaIJapblHBIH eAdyip Oeniri meTenaeH
KETKI3UICTIHAIKTEH, ONapIbl WMIOPTTHl  AJIMacTBIpy MoaceJeci  epekiie
©3eKTlTiKKe ue. Maxcamul. OHIIPICTIH O31HIK KYHBI TOMEHIETEH KE3/1€ TYPaKThI
TEXHOJIOTHSUIBIK JKOHE MalifanaHy KacHeTTepiH KaMmrTamachl3 eTeTiH Kaszakcran
PecnyOnukachIHBIH KEPriliKTI MHHEpaJNABIK MIMKi3aThl Herizinge ¢apdopaan
KacallFaH TacTaH jKacajraH OyHbIMIap YIIiH UMIOPTTHI aIMaCTBIPAThIH TNa3yphb
azipney. Kazipri yakeitTra Kazakcran PecriyOnukacsinia KepaMOrpaHUT OHIIpeTiH
KOCIMOPBIHAAP JKYMBIC ICTECH[, ONapIblH KUBIHTHIK KOOAJBIK KyaTbl >KbUIbIHA
OipHelle OHAaFaH MHJUIMOH HIAPIIBI METPAl Kypalabl >KoHE iMIKi CYpaHBICTBIH
eneyni Oenirin kamramachi3 etei. COHBIMEH Karap IISTEIIK WHBECTOPIIAPIbIH
KAaTBICYBIMEH JKaHa WHBECTHLMSIBIK >koOamap icke achlpbliyna. OHAIPICTIK
KyaTTap/bl YIFalTy )KoHE OHIM aCCOPTHUMEHTIH KeHEUTY JKarIalbIHa KePriTiKTI
MUHEpaNIBIK UIMKi3aT HETi31H/Ie HMIIOPTTHI alIMAacThIPAThIH Ta3yphJiepai a3ipiey
alippIKIIa MaHBI3Fa He. Odicmepi. 3epTTey OOBEKTLIEpl peTiHAe IIasyph aiy
TEXHOJIOTHSICBIHA TAPTHUIFaH JKEPTiIiKTI MUHEPaJJIBIK IIMKi3aT TYpJIepi, 93ipIeHreH
KOMIO3HMLMSUIBIK  [V1a3ypb KypamJapbl >KOHE INa3ypieHreH KepaMOTPaHUT
IUIMTATApBIHBIH ~ CUHTE3AeNreH  yiriiepi anbiHgsl.  JKymbicta  OacTamksl
MaTepHaIapIbIH MUHEPAIIbI-XUMHSITBIK CUTIaTTaMaJIaphl, OHBIH 11Ii1H/e AaTabIK
LIMATTHl IUKi3aT, KpEMHE3eMKYpaM/Ibl KOMIOHEHTTEp MEH ca3[bl MaTepuaiiap,
COHJali-aK onapIblH OajKy j>KoHEe IIbIHBI(A3aHBIH TY3UIy MpouecTepiHe acepi
3eprrengi. Kepamorpanut KypaMbIHIaFbl [1a3yph jKaOBIHAAPBIH KYHIIpY Ke3iHae
KYpeTiH (pu3uKa-XUMHUSUIBIK MpolecTep MeH (a3anblK TYpJICHYIEp TallIaH[bl.
Homuoicenepi. Anraim pet )KepriliKTi HUMIOPTTHI aTMacThIpaThIH MIMKi3aT HEeT131HAe
TYPaKThl TEXHOJOTHSUIBIK JKOHE MalianaHy CUIaTTamMalapblHa ue, KepaMOrpaHHUT
OHJIpiCIHAEC OHEPKOCINTIK KOJNJaHyFa jKapaM[bl TIa3yphb >KaObIHAAPHI albIHABI.
Kopvimubinovl. 3epTTey HOTHIKENEpPl OHEPKACINTIK OHJIPICKE KaHA HMMIIOPTTHI
aIMacCTBIPAaThIH TMa3ypbJepAl €HTi3y YUIH FHUIBIMH-TEXHOJIOTHSUIBIK —HETi3
Oona amanpl, conpaii-ak Kazakcrtan PecrmyOnuKkachIHBIH I71a3yph IIHKi3aTHIHBIH
pecypceThIK 0a3achlH KeHEUTYTre MYMKIHIIIK Oepeti.

Tyiiin ce3aep: KepaMorpaHuT; aHro0, MPOTEKUMSIIBIK INa3ypb, IIa3ypb
KOMIO3HILIUSIIAPBL; UMIIOPTTHI aIMaCThIPY
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AuHoOTanusi. Axmyanvrnocms. Kepamudeckue 1asypH sIBISIOTCS BaKHBIMH
KOMIOHEHTAMHU POU3BOICTBAKEPAMOTPAHUTA, 00€CIICUNBAOIIUMH ICKOPATUBHBIC,
3aIUTHBIC M AKCILTYATAIIMOHHBIC CBOWCTBA TOTOBOM MPOAYKITUH. J[JIst TpeAnpUsITHIA
KepaMU9IeCKO# mpoMbInienHocTr Pecrybnukn Kasaxcran 0co0yro akTyaabHOCTh
MMpeaACTaBIIKICT HMMIOPTO3aMCHICHUC TJIA3YPHBIX MATCpuaioB, 3HA4YUTCIIbHAasA
9aCTh KOTOPBIX MOCTABJSIETCS M3-3a pyOexa. PacimpeHue Mmpou3BOICTBEHHBIX
MOIIHOCTEHl ¥ acCOPTUMEHTa KEepPaMOTPAaHHUTHOW MPOJYKIMH IOBBIIIAET
noTpeOHOCTH B pa3paboTKe MIa3ypHBIX COCTABOB HA OCHOBE TOCTYITHOTO MECTHOTO
MUHEPANTBHOTO CBIPhs. VICMONB30BAHUE OTEUCCTBEHHBIX CBHIPHEBBIX PECYPCOB
IMMO3BOJIACT CHU3UTHL 3aBUCUMOCTHL OT HMIIOPTHBIX KOMIIOHCHTOB, COKPATHUTDH
IIPOM3BOACTBCHHLIC 3aTPaThbl U ITIOBBICUTH YCTOﬁqHBOCTB KepaMH‘IeCKOfI oTpaciiu.
Ienw. PazpaboTars UMIIOPTO3aMEIAOIIYIO [J1a3yPh LT KEPAMOTPAHUTA HA OCHOBE
MECTHOTO MHUHEPaIbHOTO Chipbsi PecnyOnuku KazaxcraH, 00ecCrednBaromlyio
CTaOWJIbHBIC TEXHOJIOTHYCCKHE M IKCILTyaTAllMOHHBIC CBOWCTBA MPU CHUKCHUHU
ce0EeCTOMMOCTH TOTOBOW TpoOnyKuuu. Memoowvl. OObEKTaMU HCCICIOBAHUS
ABJIAJINCh MCCTHBIC BUABI MUHEPAJIBHOI'O ChIPbs, SKCICPUMCHTAJIBHLIC IJIa3yp-
HbIE COCTaBbl M O00pa3ilbl TIJIa3ypOBAaHHOTO KepamorpanuTa. KcciemnoBaHbl
MHUHEPAJOTHYECKAN W XUMHYECKHH COCTaBbl IOJEBOIIIATOBOIO, KpEeMHe-
3EMCOMIEPKAIIEr0 M IJIMHUCTOTO ChIPhS, a TAK)KE HMX BIUSHHUE Ha IPOIECCHI
miaBieHns u GopMmupoBaHus ctekinodassl. IIpoBeneHsl AKCHEpUMEHTATbHBIN
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noA0Op KOMIIOHEHTHOTO COCTaBa INa3ypu M OIpEIesieHHE pPalMOHAIbHbIX
pPeXUMOB TepMUYecKkod 00paboTKu. TexHomOoTrM4YecKrne M OSKCIUTyaTallOHHBIE
CBOWCTBA MOJyYEHHBIX MOKPHITUH OLEHUBAJIUCH IO TOKA3aTelNsiM IUIaBKOCTH,
pacTekaeMoCTH, KadecTBa IIOBEPXHOCTH M COBMECTUMOCTH TJIA3ypu ¢
KEepaMH4Y€eCKOM OCHOBOU. Pe3ynvmamut. Ha 0CHOBE MECTHOIO MUHEPAJIBHOIO ChIPbS
pa3paboTaHbl IIa3ypHbIE COCTaBbl, oOecreunBaiomye GopMupoBaHue MOKPHITUN
CO CTAaOMIILHBIMU TEXHOJIOTHYECKUMHU U OKCILTyaTallUOHHBIMU XapaKTCPUCTUKAMU.
VYcTaHOBIEHO BIMSHUE MOJCBOIINATOBBIX, KPEMHE3EMCOACPIKAIIMX U TIIMHUCTBIX
KOMIIOHEHTOB Ha IUIaBJICHUE IVIa3ypHOM MIMXTHl U (JOPMHUPOBAHUE CTEKIO(A3HI.
[Tony4yeHHBIE TIOKPBITHS XapaKTEPU3YIOTCS MPHUTOAHOCTBIO JJIi HAaHECEHWs Ha
KEPaMOTPAHUTHYIO OCHOBY M IOTCHLHAIbHON BO3MOXHOCTBIO HPOMBIIIIEHHOTO
MIPUMCHCHMUA. WUcnonp30oBaHue MECTHOTO ChIpbA CHOCO6CTByeT CHUXKCHHIO
ce0ecTOMMOCTH  IJ1a3ypOBaHHBIX KEPAMOTPAHUTHBIX IUIMT W TOBBIILICHHIO
KOHKYPEHTOCIIOCOOHOCTH TOTOBOW TPOAYKIUU. Bwigoovl. PazpaboTaHHBIC
[J1a3ypHbIE COCTaBbl MOTYT CIY)KUTh HayYHO-TEXHOJIOIMYECKOH OCHOBOH IJist
OpraHU3al1H IPOU3BOACTBA UMIIOPTO3aMEILIAIOIINX ITIa3yPe A1 KepaMOT paHUTa.
HpI/IMeHCHI/Ie MCCTHOTO MHHCPAJBHOIO CbIpbs PpaClIUPSACT OTCHECCTBECHHYIO
CBIPbEBYIO 0a3y, CHUXKAeT 3aBUCUMOCTb OT MMIIOPTHBIX KOMIIOHEHTOB M CO3/1aET
MPpEANTOCBUIKN JJI MOBBINICHUS 3KOHOMHYECKON BQ)(i)eKTI/IBHOCTI/I IMpOU3BOJCTBA
KepaMOTpaHUTHOH npoaykuuu B PecryOnuke Kazaxcran.

Ki1roueBble c10Ba: KepaMOIPaHUT, aHT00, IPOTEKIMOHHAsI IV1a3yPb, IV1a3ypHbIE
KOMIIOHEHTBI, UMIIOPTO3aMEIICHHE

Introduction. Porcelain stoneware is one of the most sought-after modern
building materials, widely used in residential, civil, and industrial construction
due to its high mechanical strength, wear resistance, low water absorption, and
stable decorative properties (Carter and Norton, 2013; Kingery et al., 1976; Reed,
1995). Glaze plays a significant role in determining the performance and aesthetic
properties of porcelain stoneware, determining surface quality, color, whiteness,
and resistance to chemical attack and abrasive wear (Eppler and Eppler, 2000;
Taylor and Bull, 1986).

With the implementation of industrial and innovative development programs
in the Republic of Kazakhstan, providing domestic porcelain stoneware
manufacturers with competitive raw materials is particularly important. Currently,
a significant portion of glazes and components for their production are imported,
leading to industry dependence on external supplies, increased production costs,
and increased technological risks associated with logistical constraints and price
volatility. Therefore, the development of import-substituting glazes based on
local mineral raw materials is a pressing scientific and technical challenge (De
Noni et al, 2010; Sanchez et al, 2010). Glaze compositions for porcelain tiles are
complex multicomponent systems that include feldspar fluxes, silica-containing
fillers, aluminosilicates, and modifying additives (Eppler and Eppler, 2000; Taylor
and Bull, 1986). Their properties are largely determined by the mineralogical and
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chemical composition of the raw materials, their degree of dispersion, and the
physicochemical processes occurring during heat treatment. When using local raw
materials, a special role is played by studying their mineralogical and petrographic
characteristics, loss on ignition, melting point, and ability to form a glass phase
thermally and chemically compatible with porcelain tiles.

Despite the presence of significant mineral reserves in the Republic of
Kazakhstan potentially suitable for glaze production, the issues of their
comprehensive evaluation and technological adaptation to the requirements of
industrial porcelain tile production remain insufficiently explored. This is due to
both the diversity of genetic types of deposits and the lack of systematic data on
the influence of local raw materials on the melting processes, phase formation, and
performance characteristics of glaze coatings.

This paper examines the synthesis and optimization of import-substituting
glazes for porcelain stoneware based on local mineral raw materials. The focus is
on the selection of starting components, the development of glaze compositions,
the study of the physicochemical processes occurring during their heat treatment,
and the evaluation of the technological and performance characteristics of the
resulting glaze coatings.

Materials and basic methods. For the synthesis of import-substituting glazes
for porcelain stoneware, local mineral raw materials of different genetic types
were used. The main raw components included:

— feldspars from the Aksoran deposit, acting as fluxing agents and ensuring the
formation of the glassy phase;

— clays from the Berezovsky deposit, regulating the aluminosilicate balance
and rheological properties of glaze suspensions;

— quartz sands from the Akzhar deposit, used as silica-containing fillers;

— kaolins from the Alekseevsky deposit, intended for stabilizing glaze
suspensions and controlling firing processes.

The selection of these raw materials was based on their chemical and
mineralogical composition, availability, and potential suitability for application
in porcelain stoneware glaze compositions within the framework of import
substitution tasks.

To evaluate the properties of the raw materials and the developed glaze
compositions, complex of physicochemical and technological research methods
was applied. Industrial ready-made frits and opacifying additives were additionally
used as components of the glaze batches.

The chemical composition of raw materials and developed glaze compositions
was determined by X-ray fluorescence analysis (XRF). The mineralogical and
petrographic composition of the initial raw materials was studied using optical
microscopy and X-ray diffraction analysis (XRD) (Carter and Norton, 2013; Reed,
1995).

During the development of glaze batch compositions, industrial ready-made
frits were used in amounts of 3040 wt.%, providing stabilization of the oxide
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composition and reproducibility of glaze properties during firing. To enhance
opacity and form a dense white layer, zirconium silicate (ZrSiO4) was introduced
into engobe and opaque glaze compositions in amounts of 5-10 wt.%. Control
of the glaze oxide composition was carried out by XRF, while the influence of
the introduced components on the microstructure of the glaze layer was analyzed
using scanning electron microscopy (SEM).

Glaze compositions were prepared by wet milling of the initial components
until the required degree of dispersion (< 60 pm) was achieved, followed by
homogenization and magnetic separation. The prepared glaze suspensions were
applied onto samples of porcelain stoneware bodies of industrial composition.

Firing of the glazed samples was carried out in the temperature range of 1000—
1250 °C with a controlled heating rate and holding at the maximum temperature.
After firing, the glaze coatings were evaluated in terms of surface quality, degree
of melting, adhesion to the porcelain stoneware body, and susceptibility to defect
formation.

The microstructure of the glaze coatings and the distribution of the opacifying
phase were examined by SEM. The physicochemical processes occurring during
the thermal treatment of the glazes, including glass phase formation, its interaction
with the porcelain stoneware body, and possible crystallization processes, were
analyzed in order to determine optimal glaze compositions and firing regimes.

Results. The chemical composition of the most optimal types of raw materials,
selected based on the results of comprehensive studies, is presented in table 1.

Table 1. Chemical analysis of raw materials.

Local raw Content of oxides, %

materials | Na,0 MgO A0 [SiO K O Ca0 TiO, FeO Lo
Berezovsky | 0.34 0.49 36.54 56.54 2.29 035 1.6 1.68 10.2
clays

Alek- - - 33.28 63.6 1.47 0.23 0.4 0.84 5.5
seevsky

kaolins

Akzhar 0.67 0.4 4.61 90.93 2.21 0.35 0.21 0.62 0.1
quartz

sands

Aksoran 11.1 17.99 69.65 0.47 0.48 0.32 0
feldspars

Imported | Na,0 |MgO|AlO |SiO KO |[CaO |TiO [Fe O |ZnO |Y,0,|BaO|ZrO, |B,0,|SrO |HFO,
materials i i

Opaque frit [ 2.84 |2 7.37 [56.35(523 |78 |- 0.19 |0.417
Transparent | 7.48 |0.19 |19.93 |56.36|12.48 | 1.88 [0.11 |0.16 [0.119
frit
Zirconium | - - 1.07 |31.81 |- - 0.22 [0.06 |- 02 |- 64.02 | - - 2.43
silicate

0.25]12.28 |5.15 | 0.114
0.14]0.13 |1 - -

Chemical analysis allowed us to determine the oxide composition of the
raw materials and assess their potential suitability for use in glaze and engobe
compositions. However, chemical analysis data do not provide information on the
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phase state of the components or the oxide species within the minerals. Therefore,
X-ray diffraction (XRD) analysis was conducted to clarify the mineralogical
composition of the raw materials, identify crystalline phases, and assess their role
in shaping the properties of the glazes.

Aksoran feldspars. Given their high alkali oxide content, this raw material is
a promising fluxing component for the synthesis of porcelain glazes, ensuring the
formation of a glass phase and stable glaze coatings during firing. According to
geological exploration, the deposit's reserves are sufficient for long-term industrial
use in import substitution technologies. The results of the XRD are presented in
figure 1 and deciphered in table 2.
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Figure 1. XRD pattern of Aksoran feldspars.

Table 2. Mineralogical composition of Aksoran feldspars according to X-ray diffraction data.

Mineral Formula Concentration, %
Albite Na(AlSi308) 89.7
Quartz SiO2 10.3

X-ray diffraction analysis of the feldspathic raw material showed that the main
crystalline phase is represented by albite Na (AlSi;Os) (89.7%), with the presence
of quartz SiO2 (10.3%). From the viewpoint of oxide composition, this raw
material belongs to the Na-O—-Al205—Si0: system: albite acts as a source of the
fluxing oxide Na2O and the glass network components Al:Os and SiO:, ensuring
glass phase formation and stable melting behavior of the glaze. Additional
Si0., associated with the presence of quartz, contributes to increased chemical
resistance and surface hardness of the coating, provided sufficient dispersion and
dissolution of the quartz phase in the melt, thereby reducing the risk of structural
heterogeneity and coating defects.
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Akzhar quartz sands are used as a high-purity silica component, providing
stability of the glass phase and reducing the formation of defects in the glaze
coating. To clarify the phase composition and quantitative content of crystalline
phases in the studied sand, X-ray phase analysis was performed. The sample's
diffraction pattern is shown in figure 2, and the phase composition results are
presented in table 3.
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Figure 2. XRD pattern of Akzhar quartz sands.

Table 3. Mineralogical composition of Akzhar quartz sands according to X-ray diffraction data.

Mineral Formula Concentration, %
Quartz Si02 92.9

K-feldspar KAISi308 5.5
Albite Na(AlSi308) 1.6

According to X-ray diffraction analysis, the quartz sand is characterized by a
high quartz (Si0O:) content of 92.9%, which allows it to be classified as a high-silica
raw material. Minor phases identified in the sample include potassium feldspar
(KAISi:0s) in an amount of 5.5% and albite (NaAlSi3Os) at 1.6%.

From the standpoint of oxide composition, the investigated quartz sand
predominantly belongs to the SiO: system, with minor amounts of K.O, Na:O,
and AL:Os originating from feldspathic minerals. The presence of potassium and
sodium feldspars is subordinate and does not alter the primary function of the sand
as a silica-bearing filler.

The high SiO: content ensures the formation of a strong glass-phase framework
in glaze compositions and contributes to increased hardness, wear resistance, and
chemical durability of the glaze coating. The minor presence of feldspars provides
an additional fluxing effect, enhancing the dissolution of the quartz phase in the
glass melt and reducing the risk of undissolved quartz particles under industrial
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firing conditions (De Noni et al, 2010; Gualtieri; Kingery et al., 1976; Levin et al.,
1964).

Thus, the investigated quartz sand represents a promising raw material for use
in engobe and glaze compositions for porcelain stoneware, ensuring glass-phase
structural stability and improved performance characteristics of the coatings.

Berezovsky clays perform the function of a plastic and binding component,
ensuring the technological stability of the bodies. The results of the XRD are
presented in figure 3 and deciphered in table 4.
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Figure 3. XRD pattern of Berezovsky clays.

Table 4. Mineralogical composition of Berezovsky clays according to X-ray diffraction data.

Mineral Formula Concentration, %
Kaolinite Al2(Si205)(OH)4 80.5
Quartz Si02 10.6
Mica KAI2(AISi3010)(OH)2 5.7
K-feldspar (potassium feldspar) KAISi308 1.8
Albite Na(AlSi308) 1.3

According to X-ray diffraction analysis, the investigated clay is characterized
by a predominance of kaolinite Alx(Si2Os) (OH)4, with a content of 80.5%.
Associated phases identified include quartz (Si0-) at 10.6%, mica KAl2(AISi3O10)
(OH): at 5.7%, as well as minor amounts of potassium feldspar KAISi:Os (1.8%)
and albite Na (AlSisOs) (1.3%).

From the standpoint of oxide composition, this clay mainly belongs to the Al.Os—
SiO2 system with a limited content of fluxing oxides K-O and Na2O originating
from mica and feldspathic impurities. The high proportion of kaolinite results in
an increased Al:Os content, which contributes to higher melt viscosity and the
formation of a thermally stable glass network in glaze and engobe compositions.

The presence of quartz acts as a silica-bearing filler that regulates shrinkage
and structural rigidity during firing. Mica and feldspathic impurities provide a
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moderate fluxing effect, facilitating the initial stages of sintering and improving
the interaction of the clay with other components of the glaze batch.

Thus, the investigated clay represents a technologically valuable raw material
for use in engobe and glaze compositions for porcelain stoneware, ensuring
stabilization of the rheological properties of glaze suspensions, improved adhesion
of the coating to the porcelain stoneware body, and reduced susceptibility to defect
formation during firing. In addition, the clay performs the function of a plastic and
binding component, ensuring the technological stability of the bodies.

Alekseevsky kaolins serve as a source of the aluminosilicate phase, promoting
mullite formation and enhancing the thermomechanical properties of the material.
The results of the XRD are presented in figure 4 and deciphered in table 5.
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Figure 4. XRD pattern of Alekseevsky kaolins.

Table 5. Mineralogical composition of Alekseevsky kaolins according to X-ray diffraction data.

Mineral Formula Concentration, %
Kaolinite Al2(Si205)(OH)4 57.6
Quartz Si02 32.4
K-feldspar (potassium feldspar KAISi308 4.8
Mica KAI2(AISi3010)(OH)2 5,2

According to the results of X-ray diffraction analysis, the investigated kaolin
is characterized by a mixed mineralogical composition with a predominance of
kaolinite Al2(Si20s) (OH)a, accounting for 57.6%. A significant proportion of the
sample is represented by quartz (SiO2) at 32.4%, indicating an increased silica
content of the raw material.

Secondary phases identified include potassium feldspar (KAISisOs) at 4.8%,
and mica KAI2(AlSizO10) (OH)2 at 5.2%.

From the standpoint of oxide composition, this kaolin belongs to the ALOs—
SiO2 system with a moderate content of fluxing oxides K-O originating from
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potassium feldspar, mica, and potassium hydrogen silicate. The elevated quartz
content increases the SiO: fraction, contributing to the formation of a rigid glass
network and enhancing the thermal stability of glaze and engobe compositions.

The high proportion of kaolinite results in a significant Al.Os content, leading
to increased melt viscosity, improved rheological properties of glaze suspensions,
and enhanced adhesion of coatings to the porcelain stoneware body. Minor fluxing
components promote more uniform sintering and improve the interaction of kaolin
with feldspathic and frit components in glaze systems (Dondi et al., 2014; Sanchez
et al., 2010; Lee and Igbal, 2001).

Within the framework of the conducted research, two types of glaze
compositions for porcelain stoneware—engobe and protection —were developed
based on an oxide-based calculation methodology (Table 6). The developed
compositions ensure the formation of stable coatings and meet the requirements
for technological and operational performance characteristics.

Table 6. Glaze batch recipe.

Material name Engobe Protective glaze
Opaque frit 37 -
Transparent frit - 40
Alekseevsky kaolins 15 7
Berezovsky clays 12 14
Aksoran feldspars 12 16
Akzhar quartz sands 17 23
Zirconium silicate 7 -

The developed test batch glaze was ground by co-milling the raw materials in
a ball mill (Figure 5).

Figure 5. Finely ground glaze.

Subsequently, the glaze was applied to an unfired ceramic tile sample using a
glazing stamp (Figure 6).
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Figure 6. Test specimens.

To evaluate the technological applicability of the developed glaze compositions
under industrial production conditions, the firing of glazed porcelain stoneware
samples was carried out in the plant’s industrial kiln. The firing temperature profile
is presented below in the table 7. This approach made it possible to assess the
formation of the glaze layer and the coating quality under conditions maximum
close to those of serial production.

Table 7. Kiln temperature profile.

Total firing time - 55 min
VTI10 |VT12 [M14 |[M16 (M 18 |[M20 |[M22 |[M24 [M26 [M28 |M30 |[M31|M33 |VT36
430 450 |660 [770 |830 [1020 |[1130 |[1200 |1200 |1200 |[1100 [960 |620 |470
MO010 | MO012 | M014 | M016 | M018 | M020 | M022 | M024 | M026 | M028 | M030 MO033
460 |650 |790 [860 900 [1050 |[1160 |[1210 |1210 |1210 |1100 625

The sample after firing is shown in Figure 7.

Figure 7. Fired glaze sample.
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Visual inspection of the glazed samples after firing revealed the formation of a
smooth and uniform surface without visible defects. No pinholes, cracks, craters,
or other signs of defect formation were observed. The glaze layer is characterized
by uniform melting and a smooth texture, indicating a properly selected glaze
composition and optimal thermal treatment conditions.

For a comprehensive evaluation of the performance properties of the glaze
coatings, thermal shock resistance and chemical resistance tests were performed
according to international standards ISO 10545-9 and ISO 10545-13, respectively.
The surface hardness of the glaze coatings was evaluated using the Mohs hardness
scale according to EN 101 (Table 8).

Table 8. Results of physic-mechanical tests.

Test Standard Required Performance Actual Results Compliance
Thermal ISO 10545- | No cracks, chips or peeling | More than 125 cycles,
resistance 9 of glaze after testing no defects detected | Corresponds
. . ISO 10545-| Class GA/GLA, no visible | There are no visible
Acid resistance
13 surface changes defects Corresponds
Surface hardness Not less than 6 on the
(Mohs scale) EN 101 Mohs scale 6 on the Mohs scale Corresponds

The results of the physical and mechanical tests demonstrate high thermal
stability, chemical resistance, and sufficient hardness of the developed glaze
coatings. To identify the structural factors determining the achieved performance
characteristics, the next stage of the study involved analyzing the microstructure
of the glaze layer using scanning electron microscopy (SEM). To more thoroughly
analyze the structural characteristics of the glaze and eliminate the influence of
the porcelain tile body (Figure 8), microstructural studies were conducted on pure
glaze samples. For this purpose, individual test tablets were produced from the
developed glaze compositions and fired at the same temperature as the glazed
porcelain tile samples.

a b
Figure 8. Fired glaze samples without shards.
a - Protective glaze (1,2);
b - Engobe (3,4).
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The microstructure of the obtained pure glaze samples was studied using
scanning electron microscopy (SEM), which made it possible to evaluate
the density of the glass phase, the presence of porosity and the distribution
of opacifying components without the influence of the substrate (Figure 9).

1mm FNexTpoHHoe W30Bpasenne 1 1mm BnectnonKoe wofoaeenue 1

a b
Figure 9. SEM images of pure glaze coatings after firing.
a — Engobe (Spectrum 1);
b — Protective glaze (Spectrum 2).

The elemental composition of the protective glaze and engobe according
to local energy-dispersive X-ray analysis (EDS), is presented in table 9.

Table 9. Elemental composition of protective glaze and engobe according to local EDS
analysis, wt.%.

Engobe Protective glaze
Element Weight % Element Weight %
C 10.72 C 20.37
O 47.29 (0] 53.17
Na 3.17 Na 2.94
Mg 0.17 Mg 0.82
Al 9.60 Al 6.72
Si 19.83 Si 10.85
K 0.34 K 0.68
Ca 1.62 Ca 1.86
Zr 6,20 Zr 0,37
Ba 1,05 Ba 2,22
Total 100.00 Total 100.00

Microstructural and elemental analyses revealed differences in the composition
and structure of the protective glaze and the engobe, which are determined by their
functional purposes.

SEM-EDS analysis of the engobe (Spectrum 1) revealed that oxygen (47.29
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wt.%) and silicon (19.83 wt.%) are the predominant elements, confirming
the aluminosilicate nature of the coating. Aluminum is present at 9.60 wt.%,
indicating the presence of clay minerals that contribute to the mechanical stability
and adhesion of the engobe layer to the porcelain stoneware body. Calcium (1.62
wt.%), sodium (3.17 wt.%), potassium (0.34 wt.%), and magnesium (0.17 wt.%)
are present as fluxing oxides, promoting liquid-phase formation during firing and
improving densification of the coating.

The protective glaze (Spectrum 2) SEM/EDS analysis showed that the protective
glaze consists of a homogeneous amorphous silicate matrix dominated by SiO-
(53.17 wt.%). The high CaO content (20.37 wt.%) acts as a network modifier,
improving melt fluidity and adhesion to the ceramic substrate, while AL.Os (6.72
wt.%) enhances the mechanical strength and thermal stability of the glass network.
Alkali oxides (Na:0 and K-O) function as fluxes, promoting densification during
firing. SEM micrographs revealed a dense and uniform microstructure without
visible pores or microcracks, indicating effective sintering and good phase
homogenization. These results confirm the formation of a dense protective glass
layer with improved adhesion and thermo-mechanical properties.

SEM images of both types of coatings demonstrate a dense and homogeneous
microstructure without pronounced porosity, cracks, or delamination zones.
Differences in elemental composition confirm the correctness of the selected
formulations and the conformity of the developed glaze compositions to their
functional purposes.

The elevated carbon content is associated with the specifics of the analytical
method and is most likely due to carbon coating of the sample or residual surface
contamination, which does not affect the phase composition of the glaze.

The homogeneity of elemental distribution and the absence of locally enriched
zones confirm the proper selection of glaze compositions and are consistent with
the results of thermal shock resistance, chemical durability, and surface hardness
tests.

The coefficient of thermal expansion (CTE) was also determined on pure glaze
samples fired under identical temperature conditions (Table 10). This ensured an
accurate evaluation of the thermal properties of the glazes and their comparability
with the results obtained for glazed samples.

Table 10. Coefficient of thermal expansion (CTE) of fired pure glaze compositions and the
ceramic body.

Sample 03(1(50_-0 _ 3a(50—5000i’C)10' ga(SOF); _ AL(/’ Temperature
300°C)107°C! C! 600°C)107°C" | L0/600°C%
Mass 205 258 290 0,40 1210
Protective glaze 200 217 261 0,43 1210
Engobe 190 202 225 0,36 1210
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The results of the coefficient of thermal expansion (CTE) determination showed
that the developed glaze compositions exhibit thermal behavior well matched with
the porcelain stoneware body within the investigated temperature range.

For the porcelain stoneware body, the CTE values increase with temperature
and amount to 205-1077 °C™" in the range of 50-300 °C, 258-1077 °C! in the range
of 50-500 °C, and 290-1077 °C! in the interval of 500-600 °C, with a relative
elongation AL/Lo of 0.40% at 600 °C.

The protective glaze demonstrates comparable CTE values of 200-107 °C™,
217-1077 °C™, and 261-1077 °C™! in the corresponding temperature intervals. The
relative elongation reaches 0,43%, indicating good thermal compatibility of the
protective glaze layer with the porcelain stoneware substrate.

The engobe is characterized by the lowest CTE values—190-107 °C™,
202-107°C, and 225-1077 °C'—as well as the minimum relative elongation AL/
Lo of 0,36%. These values indicate enhanced thermal stability of the engobe and
its ability to effectively compensate for thermal stresses during firing and cooling.

Comparison of the obtained data shows that the differences in CTE values
between the porcelain stoneware body, the protective glaze, and the engobe are
within acceptable limits, thereby preventing the development of critical thermal
stresses. This is confirmed by the absence of cracks and glaze defects after
industrial firing and thermal shock resistance testing.

Discussion. The results of the conducted studies confirm that the developed
engobe and protective glaze compositions exhibit a balanced combination of
chemical composition, microstructural characteristics, and thermal properties,
which ensures their high performance under industrial porcelain stoneware firing
conditions.

Microstructural analysis by SEM performed on pure glaze samples revealed the
formation of a dense and homogeneous glass-phase structure without pronounced
porosity, microcracks, or delamination zones. For the protective glaze, the presence
of a zirconium-containing phase uniformly distributed within the glass matrix was
established, as confirmed by local EDS analysis. The presence of zirconium is
associated with the addition of zirconium silicate and is directly related to the
increased coating density, whiteness, and chemical durability of the protective
glaze layer. In contrast, the engobe layer is dominated by an aluminosilicate
component, which corresponds to its functional purpose of leveling the ceramic
body surface and ensuring reliable adhesion of subsequent layers.

During firing, the development of the glaze structure occurs through successive
softening of frit components, formation of a liquid silicate phase, and dissolution
of crystalline raw material components. The frit acts as the primary source of
the glass-forming melt, while quartz, feldspar, and clay-derived phases participate
in the formation of the final aluminosilicate glass network. Quartz contributes
Si0: to the glass structure; however, its dissolution in the molten phase depends
on temperature, particle size, and melt viscosity. Feldspar components promote
liquid-phase formation through the release of alkali oxides (Na:O and K-:O),
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which decrease the melting temperature and enhance the mobility of the melt.
The AlO; supplied by feldspars and clay minerals participates in the formation
of an aluminosilicate network, improving the chemical stability and mechanical
strength of the resulting glaze layer.

The alkaline-earth oxides CaO and MgO additionally modify the silicate
network by reducing melt viscosity, improving wetting of the porcelain stoneware
surface, and promoting stronger adhesion between the glaze and ceramic body.
During cooling, the homogeneous silicate melt transforms into a dense glassy
phase, while zirconium silicate remains as a finely dispersed crystalline phase.
This phase separation mechanism provides effective light scattering, resulting in
increased opacity and whiteness of the protective coating. The obtained SEM—-EDS
results confirm the formation of a compact glass—ceramic structure consistent with
the functional requirements of porcelain stoneware glaze coatings.

The obtained coefficient of thermal expansion (CTE) values indicate good
thermal compatibility of all elements of the «body—engobe—protective glaze»
system. The CTE values of the glaze compositions are slightly lower than or
comparable to those of the porcelain stoneware body, which is a favorable factor
in terms of residual stress formation during cooling. Such a CTE relationship
reduces the risk of crack formation, crazing, and glaze delamination, as confirmed
by the absence of defects after industrial firing and thermal shock resistance
testing. The obtained results confirm that the achieved performance characteristics
are governed by the combined influence of chemical composition, glass-phase
structure, and coordinated thermal behavior of the glaze-body system, which
agrees with published studies on porcelain stoneware glazes (Chiang et al., 1997,
Carty and Senapati, 1998; Sanchez, 2010; Richerson, 2006).

The high resistance of the glaze coatings to thermal shock (more than 125
cycles), the absence of visible surface changes after exposure to acidic media, and
a surface hardness of 6 on the Mohs scale indicate the effectiveness of the selected
compositions and the correctness of the choice of frits, opacifying additives,
and firing regimes. The combination of these results confirms that the achieved
performance characteristics are governed not by a single factor but by the complex
interaction of chemical composition, glass-phase structure, and coordinated
thermal behavior of the system as a whole.

Thus, the developed engobe and protective glazes demonstrate high
technological stability and operational reliability under industrial porcelain
stoneware production conditions. The obtained data confirm the feasibility of
applying the selected formulations and technological approaches, as well as their
potential for use within import substitution technologies.

Conclusion. Inthe course of this study, engobe and protective glaze compositions
for porcelain stoneware based on domestic mineral raw materials and industrial
ready-made frits were developed and comprehensively investigated. The applied
approach, which included analysis of microstructure, thermal characteristics, and
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performance properties, made it possible to objectively assess the technological
and functional suitability of the developed compositions.

Microstructural investigations by scanning electron microscopy performed on
pure glaze samples revealed the formation of a dense and homogeneous glass-
phase structure without pronounced defects. For the protective glaze, a uniform
distribution of a zirconium-containing opacifying phase was confirmed, providing
high whiteness and chemical durability of the coating, whereas the engobe is
characterized by an aluminosilicate matrix that enhances adhesion and reduces
defect formation within the glaze system.

The determined coefficients of thermal expansion indicate good thermal
compatibility of the «porcelain stoneware body—engobe—protective glaze» system.
The coordinated thermal behavior of the components prevents the development of
critical residual stresses, which is confirmed by the absence of cracks and defects
after industrial firing and thermal shock resistance testing.

The results of physic-mechanical and performance tests demonstrated that the
developed glaze coatings exhibit high resistance to thermal shock (more than 125
cycles), chemical resistance with no visible surface changes after acid exposure,
and a surface hardness of not less than 6 on the Mohs scale. The combination
of these results confirms the correctness of the selected compositions and
technological regimes.

Thus, the developed engobe and protective glazes demonstrate high
technological stability and operational reliability under industrial porcelain
stoneware production conditions. The obtained results confirm the perspective of
the proposed solutions for practical application and their feasibility within the
framework of import substitution tasks.
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