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ABSTRACT: Introduction. One of the promising ways to get high-strength ceramics is the method of semi-dry pressing of the
"coarsely dispersed component - finely ground binder" formula. This method suggests using crushed industrial waste as the core,
and finely ground nanostructured fusible clay as the binder material. Methods and materials. In the research, bentonite clay of the
Darbazinsky deposit of the Turkestan region was used as plastic material, and dense crystallized phosphorus slag which is a waste
of phosphorus production was used as a non-plastic coarse material. The study of the prescription factors’ influence on the basic
physical and mechanical properties of ceramic wall materials was carried out by the simplex method characterized as lattice plan-
ning of experiments. The nanostructure of the phosphorus slag and bentonite clay formula was studied by the electron microscopic
analysis method. Results. The binder content in the amount of 25% guarantees the density of the packages, while the sintering
effect becomes sufficient and the strength of the samples is 27.1 MPa. If the amount of binder increases from 25% to 40%, the
sintering effect continues to grow and the strength of the samples reaches 54.3 MPa. Discussion. The results show that the most
active sintering effect and the dense structures forming in coarse-grained formulas with high-calcium phosphorus slag occur at
40-60% binder content. The presence of flux around slag grains in an amount of less than 30% contributes to obtaining less dense
samples, with a binder content of 40%, a density increase is observed, which corresponds to the mixed ceramic structures modeling.
Conclusion. To get high-strength ceramic bricks, the content of coarsely dispersed components in the form of phosphorus slag
with a fraction of less than 1.25 mm should amount to 60-70%, finely ground phosphorus slag should be 5-10%, and bentonite
clay is to be 20-30%. Optimum technological indicators are: calcination temperature 1050-1100°C, pressing pressure 20-25 MPa,
press powder moisture content 7-8%.
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INTRODUCTION which does not allow obtaining high-quality bricks. The

maximum strength of products made of loam, fired at

One of the promising building materials with a variety
of colors, textures, and shapes that can develop the
quality of building cladding and improve the architectural
appearance of buildings is ceramic brick [1-3].

In Kazakhstan, the demand for high-quality ceramic
products, such as clinker, the facade facing bricks is in-
creasing. The limited raw material base of high-quality
clay raw materials hampers the production of the above-
mentioned efficient materials. The main raw materials
for the ceramic bricks manufacture are loams, which are
low-plastic raw materials with a short sintering interval,

a temperature of 1100°C, does not exceed 15 MPa. In this
regard, the transition to a semi-dry pressing method us-
ing industrial waste is relevant. To obtain high-strength
ceramic materials, it is of interest to use “coarse compo-
nent — finely ground binder” formula. With such a struc-
ture, the clay fraction consumption in the formula content
will be in the range of 25—30%, and 75—100% in tradi-
tional ceramics of plastic molding [4—6].

Nowadays, the attention of ceramic building materi-
als researchers is increasingly attracted by nanosized clay
binder usage [7, 8].
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Fig. 1. Micrograph (a, x100) and size distribution of bentonite clay particles (b):

m — distribution by fractions;
METHODS AND MATERIALS

Bentonite clay of the Darbazinsky deposit of the
Turkestan region was used as a plastic material for the
studied ceramic masses, and dense crystallized phospho-
rus slag was used as a coarse material.

Bentonite is a nanostructured material with a high
specific surface area, which has the property of self-dis-
persion, which helps to bind a large amount of non-plastic
material. It is well known that the clay mineral montmo-
rillonite consists of three store packages. Crushed particles
of the phosphorus slag, located in the interpacket layer
of montmorillonite form strong structures [4, 6, 8, 9].

Determination of the granulometric composition of
bentonite (Fig. 1) showed that the highly dispersed pow-
der is equally distributed over fractions from 1 to 32 mi-
crometers, with a predominant distribution in the range
from 1 to 12 micrometers. Particles form aggregates of
irregular shape [10].

Table 1 shows the chemical composition of clay and
phosphorus slag.

The slag is characterized by a high content of calcium
oxide (47.5%), as well as the phosphorus pentoxide pres-
ence and fluorine compounds up to 4.1%, which have
a fluxing effect and help to reduce the calcination tem-
perature of ceramic materials. In addition to basic oxides

Table 1
Chemical composition of raw materials

— cumulative distribution

of silicon, aluminium, and iron, clay contains low-melting
oxides such as CaO, MgO, Na,O and K,O [11-13].

According to the number of plasticities (38§—40), clay
belongs to highly plastic, according to the content of clay
particles (62.5%) to highly dispersed, according to the
index of refractoriness to fusible clays (1250°C).

The phase composition of bentonite clay is character-
ized by the quartz (d = 0.335; 0.425 nm), illite (d = 0.319;
0.256 nm), biotite (¢ = 1.000; 0.353 nm), montmoril-
lonite (d = 0.950; 0.225 nm), kaolinite (d = 0.709 nm)
presence. Carbonate inclusions are represented by calcite
(d = 0,303; 0.228 nm). Potassium feldspar and ferritic
phases are also present. The content of montmorillonite
is 80—85% [14—16].

Phosphorus slag from the Taraz phosphorus plant
is a dense, crystallized mass that melts at a temperature
of 1320—1350°C. The phase composition of phosphorus
slag is represented mainly by wollastonite and cuspidin
[17, 18].

Samples of wall ceramic bricks were made as follows.
The slag was subjected to crushing and screening through
a 1.25 mm sieve. To obtain a binder, slag and clay were
subjected to grinding in a ball mill until they completely
passed through a 0.063 mm sieve. Slag granules less than
1.25 mm in size were subjected to moisture until a mois-
ture content of 8% was reached, then a binder was applied

Composition, mass. %
Raw material F+ calcination
Si0, | ALO, | FeO. | CaO | MgO | Na,O o | so
2 P P 2 Ig 3 ons losses
Bentonite 60.51 | 16.06 | 643 | 127 | 223 | 241 | 28 13 _ 8.7
Clay
zzgsl’homs 413 | 28 | 04 | 475 | 12 | 03 | 01 | 06 | 41 0.2
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to their surface. The prepared press powder was poured
into a mold and subjected to pressing at a pressure of
15—25 MPa. The strength of the molded raw material is
0.35—0.4 MPa, which satisfies the requirements of the
automatic stacker. The sintering process of the composi-
tion was studied on cubes samples of 50X50X50 mm in
size. Samples were dried at a maximum temperature of
105°C for 3 hours; calcination was carried out in an elec-
tric muffle furnace at a temperature of 1050—1100°C with
an isothermal exposure of 30 min [19—21].

In order to determine the optimal ratio of the core and
the shell, the structures were modeled at a ratio of 5, 10,
20. The amount of the shell substance varied from 20 to
50%. The size of the core aggregates was changed from 0.5
to 1.25 mm, the thickness of the shell was changed from
0.05 to 0.3 mm. The strongest structures were obtained
at a ratio of their sizes equal to 10—20.

In the technology of semi-dry pressing, it is important
to establish the maximum grain sizes of the coarsely dis-
persed component. To do this, the temperature stresses
at the grain boundaries were calculated according to the
formula of W.D. Kingery [7]:

(maj{n&j
U= ) -

1=y ) 1=

where: 0 — stress in the contact layer, MPa; E, and
E, — moduli of elasticity, MPa; u,, u, — Poisson’s ratios;
Aa is the difference in the temperature coefficient of the
linear expansion of the phases; AT is the temperature

‘Aa-AT-d,

(1

interval in which stresses arise; d — grain size; V' — are the
volume fractions of the contacting phases.

From the analysis of changes in the thermal stresses
developing at the grain boundaries, the maximum sizes
of slag grains (1.25 mm) were selected.

Studies of the microstructure of ceramic samples were
carried out on a JEOL JSM7500 scanning electron mi-
croscope with an X-ray spectral analysis attachment [20].

RESULTS

The influence study of recipe factors on the basic
physical and mechanical properties of ceramic wall ma-
terials was carried out by the simplex-lattice planning of
experiments using the properties of an incomplete cubic
form model as a mathematical model [21]:

Y=A +A,+ A, +Axy + Axz+ Ayz+
+ Axyz + Apxy(x—y) + Axz(x—z) + A yz(y—2). (2)

The ultimate compressive (R ) and bending strength
(R,,.,), shrinkage (U, %), and water absorption (W, %)
were studied as Y response functions.

The followings were used as raw materials for the ce-
ramic bricks production:

X, — the content of phosphorus slag fraction less than
1.25 mm, 55-70%;

X, — the content of finely ground bentonite clay,
25-40%;

X, — the content of finely ground phosphorus slag,
5-20%.

The experiment planning matrix is given in the Ta-
ble 2.

Table 2
Experiment Design Matrix
Content of components,% Properties
Composition tPhos.phorus slag ) Finely ground
number raction less than | Bentonite clay, % | phosphorus slag, Reom, Rbend,
1.25 mm, % % U, % MPa MPa W, %
X, X, X,

1 70 25 5 0.9 26.1 2.8 13.8
2 55 40 1.9 54.3 4.7 5.2
3 55 25 20 1.6 36.7 3.6 8.2
4 65 30 1.2 32.3 34 11.8
5 60 35 1.6 51.5 3.7 10.4
6 65 25 10 1.4 30.8 3.2 11.8
7 60 25 15 1.5 34.7 3.7 11.2
8 55 35 10 1.1 45.3 3.6 7.4
9 55 30 15 1.2 38.6 3.7 8.6
10 60 30 10 1.4 43.4 39 10.9
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Fig. 2. Equal values lines of high-strength ceramics properties changes:
a — compressive strength; b — bending strength; ¢ — water absorption; d — shrinkage

The figurative points of the binder compositions based
on slag and clay are in the CaO—Al,0,-SiO, state dia-
gram and are located in the anorthite-wollastonite-quartz
triangle with eutectic at a temperature of 1165°C.

The regression equation of the compressive strength
dependence of ceramic bricks on the composition of the
charge has the form:

R =27,1x + 54,3x, +49,7x, — 17,1x x, +
+18,225x x, — 61,875x x, + 315x x,(x,—x,) +
+400,275x x,(x,—x,) + 282,375x x,(x,—x,) +
+228,15x x x,. 3)

The clay content in the amount of 25% guarantees the
packing density, the sintering effect becomes sufficient,
and the samples strength is 27.1 MPa (Fig. 1, b). If the
clay amount increases from 25% to 40%, the sintering
effect continues to grow and the samples strength reaches
54.3 MPa.

According to the obtained “composition-property”
diagrams (Fig. 2, a, b, c, d), ceramic bricks have low

shrinkage (0.9—1.6%), water absorption (7.4—12.1%),
high bending strength index (2.8—4.7 MPa).

DISCUSSION

The obtained results show that the most active sin-
tering and dense structures formation in coarse-grained
formulas with high-calcium slag occur at a binder con-
tent of 35—45% and core-to-shell ratios of 10—20 in
accordance with the mixed ceramic structures modeling
[17—19].

According to thermodynamic calculations, the most
likely anortite (CaO Al O, 2Si0,), quartz, and wollaston-
ite formation is in the calcination process at temperatures
of 400, 800, and 1000°C; such phases with the largest
negative values of the Gibss free energy (AZ), with densi-
ties that do not change during the synthesis process and
contribute to the increase in the brick strength.

The frame structure creation was ensured through the
use of a polyfractional composition (phosphorus slag)
and finely ground bentonite and phosphorus slag binder.
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Fig. 3. Frame structure model of ceramic materials according to the “core — shell” type:
1 — slag granule; 2 — binder; 3 — pores; 4 — binder and wollastonite and anorthite crystals

Figure 3 shows frame structure models of the material
constituent elements (crystal frame and binder).

The samples structure from the granular slag with
binders formula is the most pronounced variant of
“core — shell” type structures (Fig. 4, a, b). And the na-
ture of slag with binders structures most clearly reflects
the process of their formation. It can be seen from the
structure of the samples that the binder forms shells not
only around large grains but also around medium and
small slag grains located between them. It may be viewed
that the shells interact with the surface of the grains to

form the crystalline phases of wollastonite and anorthite.
The shell and grain interaction proceeds very actively. As
a result of this interaction, a fairly noticeable transition
zone is formed from the slag grain surface to the shell. The
transition zone formation determines the slag grain and
the shell consistency. Therefore, the samples strength is
high and amounts to 49—54.3 MPa in compression and
4.3—4.7 MPa in bending [15].

From the structure of the densely sintered samples,
achieved by using the maximum (40%) amount of clay
in the binder and after calcination at a high temperature

Fig. 4. Ceramics microstructure from the phosphorus slag and bentonite clay composition:
a — calcination temperature 1050°C; b — calcination temperature 1100°C
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(1050—1100°C), it is seen that the smallest slag grains are
involved in the liquid phase formation. The amount and
reactivity of the glass phase increases due to the influ-
ence of fluorine-containing components of the slag. As
a result, the thickness of the zone between the large slag
grains surface and the shells grows and the crystalliza-
tion of the new phases in the form of wollastonite and
anorthite became active in the shell. Furthermore, glass
phase viscosity decrease due to calcium ions, a growth in
its penetrating ability and the glass phase affinity for slag
grains contribute to its spreading over the samples’ surface
and the vitreous coating formation, which crystallizes
upon cooling [14].
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ynakoBOK, 3 deKT cnekaHuA CTaHOBUTCA JOCTAaTOUYHBIM, U MPOYHOCTb 06pa3sLoB cocTaBnaeT 27,1 Mla. C yennueHmem Konmyectsa
CBA3KM € 25 po 40% 3ddeKT cnekaHmA NPOJOMKaeT BO3pacTaTb, M MPOYHOCTb 06pasuoB gocturaet 54,3 Mla. O6¢cy»xaeHue. Mpu-
BeAeHHble pe3y/bTaTbl MOKa3blBaloT, YTO Hanbosnee akT1BHOE CriekaHue 1 GOPMMPOBaHUE NMIOTHBIX CTPYKTYP B rPy603epHUCTBIX
KOMMO3MLUMAX C BbICOKOKanbLyeBbIM GOCHOPHbBIM LLTAKOM NPOMCXOAMT Npu cogepkaHnmn 40-60% cBAsku. Hannure nnasHA Bo-
KpYr 3epeH Lunaka B Konmyectse MeHee 30% cnoco6CTBYET NOyYeHNo MeHee MIoTHbIX 06pasLoB, Npu cogepkaHnn 40% CBA3KM
HabntofaeTca NoBbllIeHKEe NIOTHOCTY, YTO COOTBETCTBYET MOAENIMPOBaHMNIO CMELLAHHBIX CTPYKTYP KepamuKu. 3aknioueHue. [1ns
NonyyYeHUA BbICOKONMPOYHOIO Kepammnyeckoro KMpnuya cofiepxaHue rpyboamncnepcHoro KomnoHeHTa B suge ¢ocopHoro Lwnaka
dpakymm meHee 1,25 Mm JomxkHa cocTaBnAaTb 60-70 %, TOHKOMONIOTOro dpochopHoro wnaka 5-10 %, 6eHToHUTOBOM rnHbI 20-30%.
OnTuManbHble TEXHONOrMYeCKne Nokasartenn: Temnepatypa obxura 1050-1100°C, naBneHvie npeccoBaHus 20-25 Ma, BNaXKHOCTb
npeccrnopotka 7-8%.

KJTIOYEBDIE CJIOBA: dpocdhopHbiit Wwnak, 6eHTOHUTOBAA MNHA, HAHOCTPYKTYPa, NONyCyxoe NpeccoBaHune, Mpecc-rnopoLLIOK.

ONA UUTUPOBAHMUA: CynenmveHos XK.T., CarbiHabikoB A.A., Monpamypatos XK.H., Basnvesa I'M., Annmbaesa »K.b. BoicokonpouHas
CTEHOBas KepaMuMKa Ha 0CHOBe $OCHOPHOTO LuaKa 1 6EHTOHUTOBOM rMuHbI // HaHoTexHONOrMM B cTpouTtenibcTBe. 2022, T. 14, N2 1.
C. 11-17. https://doi.org/10.15828/2075-8545-2022-14-1-11-17.

BBEJIEHUWE

O JIHAM U3 NIEPCIIEKTUBHbBIX CTPOUTEILHBIX MaTepHra-
JIOB ¢ Pa3HOOOpAa3neM IIBETOBOM TaMMBI, (DAKTYPOit
¥ (popMOi1, TO3BOJISIONINM ITOBBICUTH KA4eCTBO OOJIH-
LOBKM 3JaHWI 1 yIYUYILIUTb apXUTEKTYPHbBIA OOJIMK 3a-
CTPOMKM, SIBIISIETCS KepaMUIeCKUit Kuprmd [1-3].

B KazaxcTtaHe yBe1numnBaeTcst Cpoc Ha BHICOKOMa-
pOYHbIE KEpaMUUECKHUe U3IeNINs, TAKKE KaK: KIMHKEP-
HBI, acamgHblil TeBOM Kupnnd. OTpaHUYeHHOCTh
ChIPbEBOU 0a3bl KAYECTBEHHBIM TJIMHUCTBIM ChIPbEM

CIEPKMBAET IIPOU3BOACTBO BhILIEYKa3aHHBIX 3 (OEKTUB-
HBIX MaTepuaioB. OCHOBHBIM ChIPbeM IS IPOMU3BOACTBA
KepaMUYECKOIo KUPITMYa SIBJISIIOTCS CYTJIMHKU, KOTOpbIE
OTHOCSITCSI K HU3KOILIACTUYHOMY ChIPbIO, C KOPOTKUM
MHTEPBAJIOM CIIEKAHUSI, HE MO3BOJISIOIIMM I10/Iy4aTh
BBICOKOMApOYHBIA KUpIU4. MakcuMajbHasi IPOYHOCTb
U3IEIUIA U3 CYTJIMHKA, 000XKEHHOTO P TeMIIepa-
type 1100°C, He mpeBbrmaeT 15 MIla. B aToii cBSI31
aKTyaJIbHBIM SIBJISIETCS IEPEX0/ Ha ITOJIYCYX0il METO.I
MPECCOBAHUS C UCIIOJb30BaAHUEM ITPOMbIILIJIEHHBIX OT-
X0m0B. 7151 IosTy4eHust BHICOKOIIPOUHBIX KEPAMUYECKIX
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Puc. 1. Mukpodororpadus (a, x100) u pacnpeneneHue yacTui 6€HTOHUTOBO# IJIMHBI O pa3mepam (0):

® — pacripenesieHre 1o (ppakimsiM;

MaTepualioB TIPEACTABISIET MHTEPEC UCITOTb30BaHME
KOMITO3HIIMH IO THITY «'PyOOMMCIIEPCHBIN KOMITOHEHT —
TOHKOM3MeJIbYeHHAsI CBsI3Ka». C TaKoii CTPYKTYpOii pac-
XOJI IJTMHUCTOM (hPaKIIMU B COCTaBE KOMITO3UIIMK OyIeT
COCTaBJIATh B mpexpenax 25—30%, a B TpaAULIMOHHOM
KepaMuKe riactTudeckoro popmosanus 75—100% [4—6].

B Hacrosiiee BpeMst BHUMaHKWE MCCienoBaTeseit
B 00JIACTU KepaMHUUYECKUX CTPOUTEIbHBIX MaTepUaIoB
Bce GoJIbIlle MMPUBJIEKAeT MPUMEHEHNE HAHOPAa3MEePHBIX
TJIMHUCTHIX CBS3YyOMMX |7, §].

METO/bI 1 MATEPUAJIBI

B kauecTBe ruiacTUUHOTO Matepuasa sl ucciemye-
MBbIX KEpaMMUECKMX MAaCC UCMOJIb30BaIM OEHTOHUTOBYIO
MIMHY 1apOa3uHCKOTo MecTopoKaeHUsT TypKecTaHCKOM
obactu, a TpyooaMCIIEpCHOrO MaTepyraia — MIOTHBIN
3aKPUCTAUIM30BaHHBIN (hoCcHOPHEIN IITaK.

BeHTOHUT SIBIIETCSI HAHOCTPYKTYPHBIM MaTepura-
JIOM C BBICOKOM yIeIbHOM TTOBEPXHOCThIO, 00J1agatolei
CBOWMCTBOM CaMOJMCIIepraliiu, KOTopasi CloCOOCTBYET
CBSI3BIBAHUIO OOJIBIIOTO KOJIMUECTBA HETUIACTUYHOTO
Mateprana. OOIIeN3BECTHO, YTO IIMHUCTBIN MIHEpas
MOHTMOPWJUIOHUT COCTOUT U3 TPEXATAXHBIX MAKETOB.
M3menpueHHBIC YaCTUIIBI (POCHOPHOTO IIJIaKa, paciio-

— HaKOIMMUTCJIIbHOC paCIpeacICHUC

Jlarasich B MEXIaKeTHOM CJI0€ MOHMOPUJUIOHUTA, 00-
pa3yioT IIPOYHLIE CTPYKTYpHI [4, 6, 8, 9].

OrnpeneneHne rpaHyJIOMETPUIECKOTO COCTaBa OeH-
ToHUTA (puc. 1) mokazano, 4TO BBICOKOAUCIIEPCHBIN
TOPOIIIOK PaBHOMEPHO pacripenesieH Mo Ghpakiusim
oT 1 1o 32 MKM, ¢ IPEMMYIIECTBEHHBIM pacrpenese-
HUeM B uHTepBaie oT 1 1o 12 mxm. YacTuiisl o0pasyoT
arperartbl HepaBWwIbHOM (hopmabl [10].

B Tabn.1 nmpuBeneH XMMHUYECKUN COCTAB TJIMHBI
u pocdopHoOroO HIIAKA.

[Inak xapakTepu3yeTcsl MOBBIIIEHHBIM COIEPXKaHU-
eM okcuaa KanbLus (47,5%), a Takke HATMYUEM TISITH-
okcunaa docdopa u GTOpUCTLIX coenuHenuit 10 4,1%,
KOTOpbIe 00JIaNaloT (DIFOCYIONTNM IEWCTBUEM U CTIOCO0-
CTBYIOT CHMXKEHUIO TEMTIEPATyPhl 00XKNTa KEPAMUIECKIX
MaTepuasoB. B rinHe KpoMe OCHOBHBIX OKCHIOB KPEM-
HUSI, ATIOMUHUS, XeJie3a MPUCYTCTBYIOT JIETKOTUIABKIE
okcunpl CaO, MgO, Na,O u K,O [11-13].

IMo uucny mmactuunoctu (38—40) oHa oTHOCUTCS
K BBICOKOTUTACTUYHOI, TT0 CONIEP>KAHUIO TTTMHUCTHIX Ya-
ctril (62,5%) — K BBICOKOIUCIIEPCHBIM, TTI0 TIOKA3aTeITto
OTHEYTMOPHOCTH — K JIeTKOTIaBKUM TiiuHaM (1250°C).

®a3oBbIil cocTaB OEHTOHUTOBON TJIMHBI XapaKTepH-
3yercst HaTmIueM kBapiua (d = 0,335; 0,425 um), wimuta
(d = 0,319; 0,256 um), 6uotuta (d = 1,000; 0,353 HMm),

Tabauya 1
XUMHYECKHIi COCTAB CHIPhEBBIX MATEPHAJIOB
Cocras, macc. %
Chipbe F+ | moTepH npu
SiO, ALO, | FeO, CaO MgO | Na,0 K,0 SO, PO TIPOKAJI -
2t BaHUU
bentornTo- | o1 | 606 | 643 | 127 | 223 | 241 | 28 1,3 - 8,7
Bad MIMHA
@ocoprptit |y, 5|5 04 | 475 1,2 0,3 0,1 0,6 4,1 0,2
LUTAK
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MoHT™Mopuiutonuta (d = 0,950; 0,225 HMm), KaOTUHUTA
(d=0,709 am). KapOoHaTHBIC BKITIOUCHHSI TIPEICTABICHBI
kanbpuToM (d = 0,303; 0,228 HM). Takske IIPUCYTCTBYIOT
KaJIMEeBHIN 1TOJIeBOIt mImat u deppuTHbie a3nsl. Comep-
JKaHre MOHTMOpMJUTOHNTA cocTasisieT 80—85% [14—16].

Ddocohopnrbrii nu1ak Tapasckoro ¢gochopHoOro 3a-
BOJIa TIPEACTABIISACT COOOM IUIOTHYIO, 3aKPUCTAIIA30-
BaBIITYIOCS MacCy, KOTOpasI IJIaBUTCS IIPH TEMIIepaType
1320—1350°C. da3oBblit cocTaB (pochopHOTO IITaKa
TIpeACTaBIicH, TJIaBHBIM 00pa30oM, BOJTACTOHUTOM U Ky-
crmaguHoM [17, 18].

OO0pa3Ibl IIsI CTCHOBOTO KePaMUUECKOTO KUPITIa
W3TOTaBIMBAIN ClIeayomuM oopaszom. Illnak monsep-
raju IpoOJeHUIO U TPOoceBy Yepe3 cuto 1,25 mm. JInsa
TIOJTYYCHMSI CBSI3KU IIUTAK U TJIMHY TTOABEPTAIN ITOMOJTY
B IIapOBOI MEJIBLHUIIE IO TTOJTHOTO ITPOXOXICHUS Ue-
pe3 cuto 0,063 mMm. I'paHyJibl IIJ1aKa pa3sMepoM MeHee
1,25 MM TIOmBepTraly yBIAXKHEHUIO IO TOCTHKCHUS
BIIaxXHOCTH 8%, 3aTeM Ha UX MOBEPXHOCTbh HAHOCHIIN
CB3KY. [10ATOTOBICHHBIN MPeCcC-MOPOIIOK 3aCHITaIN
B (hopMy ¥ mIomBeprajm MpecCOBaHUIO TIPU TaBICHUN
15—25MI1a. ITpoyHocTh OTHPOPMOBAHHOTO CHIpPIIA CO-
crasnster 0,35—0,4MT1a, koTopast yIOBIETBOPSIET Tpe-
OoBaHUSIM pabOTHI aBTOMATa yKiamguuka. [1ponecc crnie-
KaHUS KOMITO3UILINY MCCIeqOoBaI Ha 00pa3iiax Kybax
pazmepom 50x50x50mMm. Cymiky o6pa3oB MPOU3BOIVIN
Ipy MaKcuMaibHOM Temiiepatype 105°C B TeueHue 3 ya-
COB, OOXMWT OCYIIECTBIISIA B MY(DEITbHOM 3JICKTPOIICUN
npu Temriepatype 1050—1100°C ¢ n3oTepMrIeCcKoit BbI-
nepxkoii 30 mun [19-21].

C 11eJTBI0 OTIpeeICHIST ONTTUMAIBHOTO COOTHOIIICHUST
SIpa M 000JI0UKHY TTPOBEICHO MOICIMPOBAHUE CTPYKTYP
npu cootHomrenuu 5, 10, 20. KonnuecTBo BeliecTBa
0005109KM n3MeHs10ch oT 20 10 50%. Pasmep arperaTtoB
aapa u3MmeHs ot 0,5 1o 1,25 MM, TOMIIMHY 000JIOYKHA —
ot 0,05 mo 0,3mM. HanbGoree mpodHble CTPYKTYPHI ObUTH
TOJIYYCHBI TIPU COOTHOIICHUN UX Pa3MepoB, PABHOM
10-20.

B TexHOJIOTUM MOJTYyCYXOTo IIPECCOBAHUS BaXKHO
YCTaHOBUTH MaKCHUMAaJIbHEBIC pa3Mephl 3epeH rpyooI-
CIIEpCHOTO KOMITOHEHTA. [IJIsT 3TOTr0 pacuMTBhIBAIM TEM-
TepaTypHbIe HaIpsDKeHUsI Ha TpaHUIIaX 3¢peH COTTacHO
dopmyne V. J. Kunrepu [7]:

ViE, | [ VLE,
1= ) 1=
oo LAUTH ) AaAT-d, (1)
3 (WE | [ TE,
1=y ) 1=

rIe 0 — HamnpsoKeHUe B KOHTAKTHOM ciioe, MIla;
E n E, — momynu ynipyroctu, MITa; u,, u, — koaddu-
nueHTHl [lyaccoHa; A@ — pa3HOCTH TEMIIEPAaTyPHOTO
Koa(ddunmeHTa 1uHeMHOro pacimmpenus dasz; AT —
TeMIIepaTypHBI MHTEePBajl, B KOTOPOM BO3HUKAIOT

HanpspKeHust; d — pasMep 3epeH; V — o0beMHbIe 10U
KOHTAKTUPYIOLIUX (da3.

W3 aHam3a u3MeHEeHUsI pa3BUBAIOIIErOCs HA TPaHu-
LIaX 3¢peH TEPMUUYECKUX HAMIPSDKEHUI ObLIN BhIOPAHDI
MaKCHUMAaJIbHBIC pa3Mepsl 3epeH muiaka (1,25 Mm).

HccnenoBanust MUKPOCTPYKTYPBI 00pa3LioB KepaMu-
KU ObLIM MPOBEAEHBI HA CKAHUPYIOLIEM JIEKTPOHHOM
mukpockorne JEOL JSM7500 ¢ mpuctaBkoif peHTTeHO-
crnekTpaiabHoro aHanm3a [20].

PE3YJIbTATBI

M3ydeHne BIMSHUS peleTYPHBIX (PaKTOPOB Ha OC-
HOBHBIC (DM3MKO-MEXaHNUECKHE CBOMCTBA KepaMuye-
CKHUX CTEHOBBIX MAaTEPHAIOB BHITIOJHSIIN METOIOM CHUM-
IUIEKC — PEIIETIATOrO TIAHNPOBAHMST SKCIICPUMEHTOB
C MICTIOJTb30BaHMEM B KAUeCTBE MaTEMaTHUUECKOM MOIEIIH
CBOMCTB HEMOJIHOM KyOoudeckoii Momenn Buaa [21]:

Y=A +A,+ A, +Axy + Axz+ Ayz +
+ Axyz + Axy(x—y) + Axz(x—z) + A yz(y—2). (2)

B xauecTBe (pyHKLUUI OTKIMKA Y MCClIedOBaIun
npenest npoyHocTy npu cxartuu (R ) w marute (R, ),
ycanky (U, %) u BononornomeHue (W, %).

B kauecTBe CBIPHEBBIX MATCPHUATIOB IS TTOTYICHUS
KepaMHUUYECKOT0 KUPITMYa ObLTA UCTIOIH30BaHHI:

X, — conepxanue HochopHOro 1u1aka ppakuum Me-
uee 1,25 mm, 55-70%;

X, — conepxaHue TOHKOU3MEbYEHHO 6EHTOHUTO-
BOW TIMHBL, 25—40%;

X, — cofepXaHue TOHKOU3METbYEHHOTO (hochop-
HOro 1uiaka, 5—20%.

Marpulia TUTaHNPOBAaHUS SKCIIEPUMEHTA IIpUBeIcHA
B TaOII. 2.

durypatTuBHBIC TOUKM COCTAaBOB CBSI3YIOIINX Ha
OCHOBE IIITaKa W TJIMHBI HAXOISITCS B HUarpaMmme
cocrosauusa CaO—Al,0,—SiO, 1 pacrnojoxeHsl B 00-
JIACTHA TPEYTOJbHUKA aHOPTUT—BOJIIACTOHUT—KBaPII
C DBTEKTUKOM 11pu TeMmeparype 1165°C.

YpaBHeHNE perpecuy 3aBUCUMOCTH IIPOYHOCTH IIPH
CXKaTWU KEPaMUICCKOTO KMPITMYa OT COCTaBa IITUXTHI
AMECT BU:

R =27,1x, + 54,3x, +49,7x, — 17,1x x, +
+18,225x x, — 61,875x x, + 315x x,(x,—x,) +
+400,275x x,(x,—x,) + 282,375x x,(x,—x,) +
+228,15x x x,. 3)

Comep:kaHue IJIMHBI B KoJndecTBe 25% rapaHTupy-
€T TUIOTHOCTh YIIaKOBOK, 3(P(EKT CITIeKaH!sI CTAHOBUT-
¢Sl JOCTATOYHBIM, W TIPOYHOCTH 00Pa3IloB COCTABIISICT
27,1 MIla (puc. 2, B). C yBenmnueHIEM KOJINIECTBA TJT1-
HbI ¢ 25 10 40% >(pdexT cnekaHusT ITPOIOJIKAET BO3-
pacTaThb, ¥ IPOYHOCTH 00pa31oB gocTuraet 54,3 MI1a.

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

Nanotechnologies in construction 2022; 14 (1): U/
HaHoTexHonornm B cTtponTenbcTee 11-17 NanOb

MPUMEHEHWE HAHOMATEPUAJIOB U HAHOTEXHOJ1IOTVi B CTPOUTE/IbCTBE

Tabauuya 2
Marpuia niaHUpoBaHUs SKCIIePUMEHTA
ConepixaHue KOMIOHEHTOB, % CaoiicTBa
[ octommmnits| oo | Tocdor )
cocrasa 1,25 mm, % mna, % H3MeIIbYEeHHBI, % U, % Mcﬁ;l Mpﬁ’a W.%

1 70 25 5 0,9 26,1 2,8 13,8
2 55 40 5 1,9 54,3 4,7 5,2
3 55 25 20 1,6 36,7 3,6 8,2
4 65 30 5 1,2 32,3 3,4 11,8
5 60 35 5 1,6 51,5 3,7 10,4
6 65 25 10 1,4 30,8 3,2 11,8
7 60 25 15 1,5 34,7 3,7 11,2
8 55 35 10 1,1 45,3 3,6 7,4
9 55 30 15 1,2 38,6 3,7 8,6
10 60 30 10 1,4 43,4 3,9 10,9

X3

Puc. 2. JIunnu paBHbIX 3HAYEHWIT MI3MEHEHNS CBOICTB BHICOKONPOYHOI KEPAMHUKH: a — TIPEAeI IPOYHOCTH
TIpU CXaTuu; 0 — TIpeest TPOYHOCTH U3TM0e; B — BOMOIOTJIONIEHNE; T — ycaaKa
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CorjacHO MOJYyYeHHBIM AMarpaMMaM «COCTaB-
cBOMCTBO» (puC. 2 a, 0, B, T), KEpaMUYECKHE KUPITUYU
uMeloT Mainyio ycanky (0,9—1,6%), BomomoriomieHme
(7,4—12,1%), BbICOKMII OKA3aTeJIb IIPOYHOCTH IIPU U3~
rube (2,8—4,7 MIla).

OBCYXKIEHUE

[ToxydeHHBIE pe3yIbTAaThI TOKA3BIBAIOT, YTO HAM-
0oJree aKTUBHOE CIIeKaHNE M (DOPMUPOBAHNE TUIOTHBIX
CTPYKTYP B IpyOO3epHUCTHIX KOMIIO3UIINSIX C BHICOKO-
KaJIbIIMEBBIM IIJIAKOM IIPOUCXOINUT TIPY COACPKAHUM
35—45% cBSI3KM U COOTHOIIEHUI siApa U O0OJIOUKH
10—20 B COOTBETCTBUM C MOACIMPOBAHNEM CMEIIIAHHBIX
CTPYKTYp KepaMuku [17—19].

CorracHO TepMOIMHAMUIECKIM pacdeTaM B IPOIIEC-
ce ooxwra B Temirepatypax 400, 800 m 1000°C Hanbonee
BepoATHO obpaszoBanue aHoptuta (CaO Al O, 2Si0,),
KBaplla ¥ BOJUTACTOHUTA, T.¢. (pa3 ¢ HaMOOIBIIIMHI OTPH -
HaTeJbHBIMU 3HAUYCHUSIMU CBOOOIHO Heprum [ mocca
(AZ), He U3MEHSTIOITUMUCS TUIOTHOCTSIMU B TIpoIiecce
CHUHTEe3a U CITOCOOCTBYIOIINMU YBETMUCHUTO TIPOYHOCTH
KHApImJa.

Co3maHre KapKacHOM CTPYKTYPHI OBUIO obecriede-
HO 3a CYeT MPUMEHEHUS MOIN(PaKIIMOHHOTO COCTaBa
(cbochopHOTrO 1ITaKa) U CBI3KU M3 TOHKOMOJIOTBIX OCH-
TOHUTA U (hOCc(HOPHOTO IIJIAKA.

Ha puc. 3 mpuBeneHbI MoIeIM KapKacHOM CTPYKTY-
PBI COCTaBHBIX JIEMEHTOB (KPUCTAJUTMUECKOTO KapKaca
¥ CBSI3KWM) MaTepuala.

CTpyKTypa 06pa3iioB M3 KOMITO3UIINI 36pHUCTOTO
IIJTaKa CO CBSI3KaMU SIBJISIETCST HanboJiee SIpKO BEIpa-
JKEHHBIM BapMaHTOM CTPYKTYP IO TUITY «SIIpO — 000-
Jouka» (puc. 4 a, 0). A xapakTep CTPYKTyp ILIaKa
CO CBSI3KaMM HamboJjIee YeTKO OTpaxaeT IMPOoIecC UX
dopmuposanus. 1o cTpykrype 00pa3iioB BUAHO, UTO
CBsI3Ka 00pa3yeT 000JI0YKHM BOKPYT KPYITHBIX M pac-
TTOJIOKEHHBIX MEXIYy HUMM CPEIHUX U MEJIKHUX 3€PeH
1aka. BumHo, 9To 0007109KM B3aMMOIEUCTBYIOT C T10-
BEPXHOCTBIO 3¢peH ¢ 00pa30BaHUEM KPUCTAITMIECKIX
¢a3 BoutacToHUTa U aHOPTUTA. B3aumoneiicTBue 000-
JIOUKHU C 3¢PHOM IIPOTeKaeT OYeHb aKTUBHO, OT ITO-
BEPXHOCTH 3epHa IIIaka K 000JI0YKe 00pa3yeTcs Io-
CTaTOYHO 3aMeTHas TepexoaHas 30Ha KaK pe3ysIbTaT
5TOr0 B3amMoaciicTBusi. OOpa3oBaHME MEePEeXOTHOMU
30HBI 00YCJIaBIMBAET COIIACOBAHHOCTH IIIAKOBOTO
3epHa ¢ o6osioukoit. [ToaToMy mMpoyHOCTH 0Opa3LOB
BbIcOKas n cocTaBisgeT 49—54,3 MIla mipu cxatum
n 4,3—4,7 MIla nipu n3ru6e [15].

M3 cTpyKTYpHI IJIOTHO CIIEYCHHBIX 00pa3IoB, J0-
CTUTHYTOM MCIIOJIb30BaHMEM MakKcuManbHOro (40%)
KOJIMUYECTBA TJIMHBI B CBSI3KE U ITOCJIE 00KUTA TIpH 00-
Jee BeICOKOI Temmepatype (1050—1100°C), BumHO,
YTO MeJIbUaiillivie 3epHa IJIaka BOBJICKAIOTCS B IIPO-
Hecc obpa3oBaHus XKuakou dasnl. [ToBeiIaeTcs Ko-
JIMYECTBO U PeaKIIMOHHAST CIIOCOOHOCTD CTEKIO(ha3hI
3a cYeT BIAMSHUSA DTOpCcomepKAIMNUX KOMITOHEHTOB
InTaka. DTO BBIpPAXKAeTCsS B YBEIAMUCHUM TOJIIIITHBI
IIPOMEKYTOUHOM 30HBI OT ITOBEPXHOCTH KPYITHEIX 3¢€-
peH ITaKa K 000J109KaM BOKPYT HUX, B aKTUBU3AIIUN

Puc. 3. Mopeab KapKacHO#i CTPYKTYPbl KEPAMHYECKUX MATEPUAJIOB N0 THITY <SP0 — 000JI0YKA»:
1 — rpaHy”na 1uIaKa; 2 — CBA3yoIIee; 3 — IMOphI; 4 — CBI3YIOIIee M KPUCTAJUIBI BOJJIACTOHUTA U aHOPTUTA
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Puc. 4. MuKpocTpyKTypa KepaMuKku u3 KoMno3uimu ¢ochopHoro nuiaka u 6eHTOHUTOBO# TJIMHbBI:
a — remmneparypa ooxura 1050°C; 6 — temmiepatypa ooxwura 1100°C

KPUCTAJIN3AIIMY HOBBIX (Da3 B BUE€ BOJUIACTOHUTA
¥ aHOPTUTA B 000J10uKe. Kpome Toro, moHuxeHue Bs3-
KOCTU cTeKJI0(hAa3bl 32 CYET KAJIBIUEBBIX NOHOB, yBe-
JINYEHUE €€ MTPOHUKAIOIIEH CIIOCOOHOCTHU U CPOACTBO
crekodasbl ¢ 3epHAMH IIIJTaKa CTIOCOOCTBYIOT €€ pac-
TEKAHUIO IO MOBEPXHOCTU 00pa3L 0B U 0OPa30BAHUIO
CTEKJIOBUTHOTO TTOKPBITUSL, KOTOPOE MPU OXJIAKIACHUUN
kpucramnusyercs [ 14].

ITo kpasM 3epeH LuIaka U MeXAy HUMU, a TaKxke
Ha X MOBEPXHOCTU HAOIIONAIOTCS MPOLYKTHI B3aUMO-
NEeUCTBUS.

CIINCOK NCTOYHUKOB

3AK/IIOYEHUE

7151 moy4eHus BBICOKOITPOYHOTO KePaMUUIECKOTO
KUpIya coepkaHue rpyooarcIiepcHOrO KOMITOHEHTA
B Bune ocopHoro nuiaka dppakuuu meHee 1,25 Mm
JIOJIKHO COCTaBJISITh 55—65%, TOHKOMOJIOTOTO (hoc-
dopHoro nuraka — 5—10%, 66 HTOHUTOBOI TJWHBI —
30—40%. OnTuMa bHbIC TEXHOJOTMYECKUE TIOKAa3aTeIu:
temriepaTtypa ooxura — 1050—1100°C, naBieHue mpec-
coBanust — 20—25 MIla, B1aXHOCTh IMPECCITOPOIIKA —

7—8%.
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