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Abstract. Ash-slag waste from thermal power plants can be used as a technogenic
aluminosilicate component of ceramic bodies, however, increasing its content requires an
assessment of ma-terial properties under specified forming and firing conditions. This study
aimed to evaluate the feasibility of incorporating 50 wt.% fresh ground ash-slag waste from
Pavilodar TPP and to determine the effect of silica fume on the properties of fired specimens.
The scientific novel-ty lies in experimentally establishing, for this raw-material system, the
effect of adding 3.0 wt.% silica fume to a ceramic body with a high content of fresh ash-slag
waste: strength in-creases without the formation of additional identifiable crystalline phases
or significant changes in water absorption, bulk density, and shrinkage. A reference
composition contain-ing equal mass fractions of clay and ground ash-slag waste and a
modified composition con-taining 3.0 wt.% silica fume were investigated. Cylindrical
specimens were formed, dried to constant mass, and fired at 950 °C. The particle-size
distribution, chemical composition, and phase composition of the raw materials were
determined. Linear shrinkage, compressive strength, water absorption, bulk density, and the
elemental and phase compositions of the fired specimens were evaluated. Silica fume
increased the compressive strength from 14.60 to 16.85 MPa, corresponding to an increase
of 15.4%. No significant differences were ob-served in water absorption, bulk density,
forming moisture content, or linear shrinkage. After firing, both compositions exhibited
similar crystalline phase assemblages. The results confirm the feasibility of incorporating
fresh ground ash—slag waste at a content of 50 wt.% as a par-tial replacement for natural
clay and of increasing material strength through the addition of 3.0 wt.% silica fume without
adversely affecting the investigated properties.

Keywords: technogenic aluminosilicate raw material; coal-combustion residues; clay-
based ceramic body,; partial replacement of natural clay, firing temperature; compressive
strength; water absorption.
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FbIUJIbLIMU MAKAJIA

MUKPOKPEMHE3EMHIH KYJI-KOXK KAJI/IBIKTAPbI
HET'I3IHAEI'T KEPAMUKAJIBIK MACCAJIAPABIH ®U3UKA -
MEXAHUKAJIBIK KACUETTEPIHE 9CEPI
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1«O6inkac CarbIHOB aThIH/IAFbI Kaparanel TeXxHUKAIBIK YHUBEpCUTETI» KeAK,
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2HoBocibip MeMIIEKETTiK TeXHUKAIBIK yHUBepcuTeTi, HoBocibip, 630073, Peceit denepanuscel
3XanL1KapanLIK 6111iM G6epy kopropanusicel, Anamarsl, 050028, Kazakcran

“TopaitrsipoB yausepcureTi, 140008, ITapnonap, Kasakcran

Anparna. JKoiny oneKkmp cmanyusnapobiibly KYa-KOXC Kal0bIKMAapblH KepaMUKAIbIK
MaAccanapovly, mexHo2eHOIK alloMOCUTUKAMMbL KYPAMOAcsl peminde natoanianyea 601aovl,
anauda onapovly Meawlepin apmmulpy  OeneiieneeH  KAAblnmay —JcoHe  Kyuoipy
AHCAROAUNAPLIHOA ANBIHAMBIH MAMepuanoapobly Kacuemmepin 6azanayovl maian emeoi.
3epmmeyoiy makcamuol Ilasnooap xanaceinoazel 2K30-0iy 50 mac.% menwepinoeai sHcana
YHMAaKmanean Kya-Koxic KalOblKMApulH NaudaiaHy MYMKIHOIZIH — Oazanay — JicoHe
MUKPOKDeMHe3eMHIY Kyuodipineen yneiniepoiy Kacuemmepine acepiH aublkmay 007106l
JKymvicmouly ebLIbIMU JHCARATBIZBL OCHI WUKI3AM JHCYUeC] YUliH KYPAMbIHOA HCAHA KYA-KOHC
KAIObIKMAPLIHLIY MOIULEPI Hco2apbl Kepamukanwlk maccaza 3,0 mac.% Mukpoxpemnesem
eH2I3Y0IH acepin madCIpUbeniK JHCOIMeH aHbIKMmayoan mypaosi: Oepikmik KocblMuid
catikecmeHOIpiiemin Kpucmaiovlk @azanap my3iimell dHcaHe Cy CIHIpeiuwmik, opmauia
Mblebl30bIK NEeH W2y Kepcemkiwmepi eneyii e3zepmei apmaost. Caz Oen YHmaxmani2a KyJi-
KOXMC KaNObIKMAPLIHbIY MACCAlblK yaecmepi meH Oazanvlk Kypam ocane 3,0 mac.%
MUKDOKpeMHe3eM KOCbLIeAH MOOUPUKAYUAIaH2an Kypam 3epmmendi. Lununopnix yaeinep
KanblNmaivln, mMypakmol macca2a oetiin xenmipinoi ocone 950 °C memnepamypaoda
Kyuoipindi. Bacmankvl Kypamoacmapouvly epaHyioMempusiivlK, XUMUSIbIK HCIHE Da3anvlk
Kypamwi anbikmanovl. Kytidipineen yneinepoiy col361KmMulK WOy, Cbl2blily Ke3iHoe2l bepikmik
weei, cy ciyipeiwmizci, opmawia mviabl30blebl, COHOAU-AK DIeMEeHMMIK JHCoHe Da3anvik
Kypamwl bazananosl. Mukpoxpemnezemoi eneizy coleblily Ke3inoeei bepikmik weein 14,60man
16,85 Mlla-2a Oetiin, szuu 15,4%-2a apmmuiposi. Kypamoapovly cy ciyipeiwmizi, opmawa
MbIbI30bIRLL,  KAILINMAY  bLIRANIObLILIZLL  HCIHE  CbI3LIKMbBIK Wie2yi  OoubiHwia eneyiui
AUBIPMAWbLILIKMAap auvikmanean x#ok. Kyioipineennen xeiiin exi Kypam oa Kpucmanowik
Gazanapoviy  yKcac HCUbIHMBIRBIMEH —CUNAmMmanobl. ANbIHRAH HIMUdMCenep dHcana
YHMAaKman2au Kya-Koxic KaioblKmapulH mabuzu casovl iwinapa arimacmulpyuivl peminoe 50
mac.% menwepinoe nanodanramy sHcaHe 3epmmenieer Kacuemmepoi nawapaamnat, 3,0 mac.%
MUKDOKpeMHe3eM KOCYy apKblibl Mamepuaniovly Oepikmicin apmmvlpy MYMKIHOI2TH
pacmaiiobi.

Tyitinai ce3mep: mexHoeeHOiK anoMOCUIUKAMMbL WUKI3AM, KOMID JHcagy OHIMOepi; ca3
He2i3iHOe2l KepamMukanivlk macca, madugu cazobl WiHApa aimMacmolpy, Kyuoipy
memMnepamypacwl,; KblcblmMaa Oepikmik, cy Ciyip2iuumix.
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BJAUSAHUE MUKPOKPEMHE3EMA HA
®U3UKO-MEXAHUYECKHUE CBOUCTBA KEPAMUYECKHX
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Annorauus.  3onouiiakogvle  0Omxo0bl  MENIOBbIX  INEKMPOCMAHYUL  MO2YM
UCNONB308AMbCA KAK MeX-HO2EHHDIU ANIOMOCUTUKAMHBIL KOMNOHEHM KepaMU4ecKux Macc,
00HAKO YBEeIUYEHUE UX CO-0ePACAHUS MPedyem OYEHKU COUCIE MAMePUaio8 NPy 3a0aHHbIX
yenosusax popmosanust u 0bxcuea. Llens ucciedosanus 3axkn04aIach 8 OYeHKe 803MONCHOCU
UCNONb30BAHUSL CEENHCUX UBMENbUEHHBIX 30]10uNaKo8ulx omxo006 TOI] e. Ilasnodapa 6
konuvecmge 50 mac.% u onpe-OereHuu GIUAHUL MUKDOKDEMHE3EMA HA CBOLUCMBA
0001cHCcENHBIX 00pasyos. Hayunas noeusna pabomel cocmoum 6 3KCHEPUMEHMATbHOM
yCcmanogienuu Ol OAHHOU  Cblpbeoll  cucmemvl dhgpexkma 6sedenus 3,0 mac.%
MUKDOKDEMHE3éMA 8  KepaMU4eCKyrd MAcCCy C  BblCOKUM — COOEP-IICAHUEM — C8EHCUX
307I0ULIAKOBLIX OMX0008: NPOYHOCMb NOBbIULAeMCs Oe3 00pa308aHusi OONOJI-HUMENbHbIX
UOeHMUpUYUPYeMbIX KPUCMAITUYECKUX (PA3 U 3AMEMHO20 USMEHEHUST 8000N02N0-WeHUS,
niomuocmu u ycaoku. Mccnedosanu 6a306bviil cocmas ¢ pagHbiMU MAacco8blMu 00IAMU TIUHbL
U UBSMENLYEHHBIX 30J0UILAKOBLIX OMX0008 U Mooupuyuposanusiti cocmas ¢ 3,0 mac.%
MUKpokpemueséma. L{ununopuyeckue obpasyvl opmosanu, blcyuugaiu 00 NOCMOAHHOU
maccewt u obocueanu npu 950 °C. s ucxoOHbix KOMIROHEHMO8 ONpeesisiiu SpanyiomMempuye-
CKUl, XUMUYECKUll U (azoevlli cocmas, 0N 000HCHCEHHBIX 00PA3Y08 - TUHEUHYIO YCAOKY,
npeoen NPOYHOCMU NPU CHCAMUU, B000N02N0WEHUe, CPEOHIOI0 NIOMHOCMb, dNEeMEHMHbIU U
pazosvlii cocmas. Beedenue muxpoxpemnezéEma nogulcuno npeoei NPOYHOCMU NPU CHCAMUU
c 14,60 00 16,85 Mlla, unu na 15,4%. BooonoznoweHnue, cpedHsisi niOmHOCMb, popmMosoyHas
BNANCHOCTb U TUHEUHAS YCAOKA COCMABO8 CYWeCmEeHHO He pasaudanucs. Ilocie obacuea oba
€cOCMasa xapakmepuzosanucs OIUKUM HAOOpom Kpucmaniuueckux ¢has. Ilonyuennvie pe-
3YIbMamvl NOOMEEPAHCOAIOM 03MONCHOCb 3AMEHbL NPUPOOHOU 2NUHbL USMETbYEHHBIMU 30-
JIOULNAKOBbIMU OmX00amu 8 Konudecmee 50 mac.%, a makace nOGblULeHUS NPOYHOCMU Mame-
puana oodasnenuem 3,0 mac.% mukpoxpemueséma o6e3 yxyouleHus Uccie008aHHbIX noKazame-
net.

KitioueBble CJI0Ba: MeXHO2EHHOE ANIOMOCUTUKAMHOE CLIPLE; NPOOYKMbL CHCULAHUS VT,
2NUHUCIAA KePaAMUYECKas MAacca, YACMUYHAs 3aMeHad NPUPOOHOU 2IUMbl, MmeMnepamypa
00JICcU2A; NPOYHOCb NPU CHCAMUL, B0OONO2TOUECHUE.
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1 INTRODUCTION

Coal-combustion residues, including fly ash and ash-slag waste (ASW), are increasingly
considered as secondary aluminosilicate raw materials for construction ceramics. Their incorporation
into fired clay products can reduce the consumption of natural clay and promote the diversion of
industrial residues from long-term storage or disposal [ 1-4]. The properties of ash-containing ceramic
bodies are governed by the chemical and mineralogical composition of the raw materials, particle size
distribu-tion, waste content, forming conditions, and firing regime [3-6].

Previous studies have demonstrated the feasibility of using coal fly ash and ash-slag residues
in porous ceramics, structural ceramics, and illite-based ceramic bodies [1, 4, 5, 7, 8]. However, the
ef-fects of ash incorporation on shrinkage, compressive strength, water absorption, bulk density, and
phase composition depend strongly on the origin and properties of the ash, the clay-based
formulation, and the firing temperature [3-8, 15].

Recent studies have confirmed the feasibility of using ash-slag waste, local clay raw materials,
phosphorus slag, waste glass, diatomite, and fly ash in the production of ceramic materials [16-20].
The reported results show that the composition of mineral components and firing conditions affect
sin-tering, density, water absorption, porosity, and compressive strength of fired ceramics.

Silica fume is a highly dispersed silica-rich by-product that has been investigated as an additive
in fired clay bricks. Earlier studies have shown that its effect on sintering behaviour, density, water
absorption, and strength depends on the dosage and firing temperature [6, 9-11]. In particular, silica
fume may locally enhance sintering because of its reactive amorphous silica component, although the
magnitude and direction of the effect vary with the ceramic body composition and thermal treatment
[9, 10].

The use of other technogenic mineral raw materials, including volcanic ash and coal-mining
overburden, has also been investigated for the production of fired clay bricks and ceramic composites
[12-14]. These studies highlight the importance of raw-material characterisation, particle-size control,
composition design, and firing conditions in achieving the required physical and mechanical
performance of fired construction ceramics. In Kazakhstan, ceramic bricks incorporating thermal-
power-plant ash and agricultural residues have also been investigated, confirming the relevance of
local in-dustrial by-products as components of ceramic building materials [14].

Accordingly, this study investigated the feasibility of incorporating fresh ground ASW from
Pavlodar TPP-1 as a partial replacement for clay from the Pavlodar Region in fired ceramic bodies.
Two compositions were evaluated: a clay-ASW body containing equal mass fractions of clay and
ASW, and a comparable composition containing 3.0 wt.% silica fume. The study examined the
particle-size, chemical, and phase characteristics of the raw materials, as well as forming moisture
content, shrinkage, compressive strength, water absorption, bulk density, and crystalline phase
composition of specimens fired at 950 °C.

2 MATERIALS AND METHODS

2.1. Raw Materials

Clay from the Pavlodar Region, fresh ground ASW from Pavlodar TPP-1, and silica fume were
used as raw materials. The clay served as the plastic component of the ceramic bodies. On a dry basis,
the clay content was 50.0 wt.% in composition 1 and 48.5 wt.% in composition 2.

The clay had a bulk density of 1110 kg/m?® and a plasticity index of 16.5. According to GOST
21216-2014, it was classified as a medium-plasticity clay raw material. Before preparation of the
ceramic bodies, the clay was ground and passed through a 1 mm sieve; the residue retained on the
sieve did not exceed 5%.

The particle-size distribution of the clay was measured by laser diffraction using an Analysette
22 MicroTec plus particle-size analyser (Fritsch, Germany) with the Fraunhofer optical model over a
measurement range of 0.01-2100 um (Figure 1). Based on five measurements, the volume-weighted
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mean particle diameter, D[4,3], ranged from 10.99 to 15.99 um, whereas the modal particle size
ranged from 88.1 to 102.4 um.
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Figure 1 — Cumulative and differential particle-size distribution curves of the clay measured by laser diffraction
[Author's material]

The chemical composition of the clay was determined by X-ray fluorescence (XRF) analysis.
Silicon dioxide (Si0:) and aluminium oxide (Al20s) were the predominant oxide components,
accounting for 62.03 and 17.89 wt.%, respectively. The Fe.Os content was 7.54 wt.% (Table 1).

Table 1 — Chemical composition of the clay determined by X-ray fluorescence analysis [Author's material]

Name of the Oxide composition, mass %

raw material . . Other
component Si0; AL Os Fe,0Os CaO MgO Na,O TiO, KO SO; Cl components
Clay 62,03 17,89 7,54 322 333 0,69 0,77 274 1,37 0,69 <0,10

The mineralogical composition of the clay was determined by powder X-ray diffraction (XRD).
Kaolinite, illite, quartz, calcite, and iron-containing phases were identified in the clay sample.

Fresh ash-slag waste (ASW), generated during coal combustion at Pavlodar TPP-1 of
Aluminium of Kazakhstan JSC, was used as a technogenic aluminosilicate component of the ceramic
bodies. Before use in the ceramic bodies, the ASW was ground in a laboratory ball mill.

The particle-size distribution of the ground ASW was measured by laser diffraction using an
ANALYSETTE 22 MicroTec plus particle-size analyser (Fritsch, Germany) with the Fraunhofer
optical model over a measurement range of 0.01-2100 um (Figure 2). In the first measurement series,
the modal particle size ranged from 62.4 to 68.6 um, while the volume-weighted mean particle
diameter, D[4,3], ranged from 2.49 to 2.69 um. In the second measurement series, the modal particle
size ranged from 15.5 to 33.9 um, whereas D[4,3] ranged from 4.12 to 5.64 pum.
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Figure 2 — Cumulative and differential particle-size distribution curves of ground ASW measured by laser diffraction
[Author's material].

The chemical composition of the ground ASW was determined by XRF analysis. Silicon
dioxide (SiO2) and aluminium oxide (Al0s) were the predominant oxide components, accounting for
61.1 and 18.6 wt.%, respectively. The Fe.Os content was 7.6 wt.% (Table 2).

Table 2 — Chemical composition of ash-slag waste (ASW) determined by X-ray fluorescence analysis [Author's
material ]

Name of the raw Oxide composition, mass %
material component SiO, ALO;  FeO3 CaO  MgO  NaO TiO; KyO SO3 MnO P.Os

Fresh ASW from
Pavlodar TPP-1 61,1 18,6 7,6 3,8 3,5 0,1 1,0 3,6 0,4 0,1 0,2

The mineralogical composition of the ground ASW was determined by powder XRD. a-Quartz,
mullite, akermanite, muscovite, and enstatite were identified in the sample. A weak amorphous halo
was observed in the diffraction pattern over the 26 range of 15-35° (Table 3).

Table 3 — Semi-quantitative phase composition of the crystalline fraction of ground ASW [Author's material]

Ne Mineral phase Content, wt.%
1 o-Quartz 43,2

2 Mullite 29,1

3 Akermanite 12,2

4 Muscovite 8,4

5 Enstatite 7,1

Silica fume, a by-product generated during the production of metallurgical-grade silicon with a
purity of 99.9% in submerged arc furnaces at TauKenTemir LLP, was used as a fine silica-rich
additive. The material was collected from process off-gases by the plant’s gas-cleaning system. It
consists predominantly of amorphous, ultrafine silicon dioxide. Silica fume has previously been
investigated as a reactive silica-rich additive in fired clay bricks, where its influence on sintering and
mechanical performance was found to depend on both dosage and firing temperature [9-11].

The particle-size distribution of the silica fume was measured by laser diffraction using an
ANALYSETTE 22 MicroTec plus particle-size analyser (Fritsch, Germany) with the Fraunhofer
optical model over a measurement range of 0.01-2100 um (Figure 3). Based on five measurements,
the volume-weighted mean particle diameter, D[4,3], ranged from 2.31 to 2.42 pm, whereas the modal
particle size ranged from 21.2 to 29.7 um.
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Figure 3 — Cumulative and differential particle-size distribution curves of silica fume measured by laser diffraction
[Author's material].

The chemical composition of the silica fume is presented in Table 4. The SiO: content was
94.64 wt.%.

Table 4 — Chemical composition of silica fume [Author's material]

Oxide composition, mass %

Name of the raw material pH of the L oniti
component Si0,  ALO; Fe0; CaO  Cl aqueous H.0 O3 onishon
(LOI), wt.%
extract
Silica fume (metallurgical- 9464 007 0.0 051 029 8,38 0,33 4,57

grade silicon, grade 99)

2.2. Ceramic body compositions and experimental procedure

Two ceramic body compositions incorporating clay, fresh ground ASW from Pavlodar TPP-1,
and silica fume were prepared for this study. Composition 1 comprised equal mass fractions of clay
and ground ASW. In Composition 2, 3.0 wt.% silica fume was introduced, while the contents of clay
and ASW were proportionally reduced to 48.5 wt.% each. The compositions of the ceramic bodies
are summarised in Table 5.

Table 5 — Compositions of the investigated ceramic bodies [Author's material]

No Composition Clay, wt.% Ground ASW, wt.% Silica fume, wt.%
1 1 50,0 50,0 0,0
2 2 48,5 48.5 3,0

The comparison between Compositions 1 and 2 enabled evaluation of the effect of
incorporating 3.0 wt.% silica fume on the properties of the fired specimens while maintaining a
similar clay-to-ASW ratio.

The proportions of the raw-material components in the investigated ceramic bodies are shown
graphically in Figure 4.
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Figure 4 — Proportions of clay, ground ash—slag waste (ASW), and silica fume in the investigated ceramic bodies
[Author's material]

Before batch preparation, the clay was ground and passed through a sieve with a 1 mm mesh
opening; the retained fraction did not exceed 5 wt.%. The ASW was ground in a laboratory ball mill.
The components were weighed according to the proportions specified in Table 5 and dry-mixed until
a homogeneous mixture was obtained. Water was then added to obtain a target forming moisture
content of 22 wt.%, followed by further mixing.

Cylindrical specimens, 50 mm in diameter and 50 mm in height, were formed by compaction
in laboratory moulds. After demoulding, the specimens were dried at 105 °C to constant mass. Firing
was carried out in a laboratory electric muffle furnace at 950 °C. The selected firing temperature was
used to evaluate the investigated bodies under a moderate laboratory firing regime and to facilitate
comparison with earlier studies of clay-based ceramic bodies containing coal-combustion residues
[4, 5, 7, 8]. The furnace was heated automatically at an average rate of approximately 7 °C min™,
followed by a 30 min dwell at the maximum temperature. After firing, the specimens were cooled in
the furnace to room temperature over approximately 24 h.

The selected firing temperature of 950 °C lies within the range commonly considered for
laboratory studies of ash-containing ceramic products and enables comparison with previous work
on fired ceramics incorporating ash-based residues [4, 6, 14].

Compressive strength was measured using a Controls testing machine. The load was increased
continuously until failure, with the failure occurring within 20—60 s. Testing was performed at an air
temperature of approximately 21 °C and a relative humidity of approximately 64%. Water absorption
was determined after immersion of pre-dried specimens in water at 20+5 °C. Bulk density was
calculated from the mass and geometric dimensions of the dried specimens. Six specimens were tested
for each composition and for each measured property.

The procedures used to determine compressive strength, water absorption, and bulk density
were based on GOST 8462-85 and GOST 7025-91, adapted for laboratory-scale cylindrical
specimens. The measured compressive-strength and bulk-density values were assessed against the
classification requirements specified in GOST 530-2012. GOST 8462-85 establishes methods for
determining the ultimate compressive and flexural strengths of wall materials, whereas GOST 7025-
91 specifies methods for determining the water absorption and density of ceramic and calcium silicate
bricks and stones. GOST 530-2012 sets out general requirements, including strength grades and bulk-
density classes, for ceramic bricks and stones.

The complete sequence of specimen preparation, thermal treatment, and characterisation is
summarised in Figure 5.
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Experimental workflow and key processing parameters

1 Raw-material 2 Batching and mixing 3 Forming 4 Drying
preparation
Clay: grind and sieve <1 mm Dry weighing and homogenisatiofh Laboratory mould compaction
ASW: laboratory ball milling Water addition to 22 wt.% Cylinders: 50 mm x 50 mm 105 °C to constant mass
—
—
5 Firing 6 Cooling 7 Characterisation
950 °C; ~7 °C min—* In furnace to room temperaturge Strength = water absorption = density
30 min dwell Approximately 24 h XRF « XRD « shrinkage

Figure 5 — Experimental workflow and key processing parameters used in the study [Author's material]

P

(©)

(b)

Figure 6 — Principal laboratory stages: (a) raw-material components before mixing; (b) prepared ceramic body after
mixing; (c) cylindrical specimens after firing [Author's material]

3 RESULTS AND DISCUSSION

Considering the differences in the particle sizes of the raw components, the effect of silica fume
incorporation on the elemental and phase compositions, as well as on the physical and mechanical
properties of the fired ceramic specimens, was evaluated. Compositions 1 and 2, prepared under
identical forming, drying, and firing conditions at 950 °C, were compared.

3.1. Elemental and phase compositions of the fired specimens

To assess the effect of silica fume on the composition of the fired material, specimens of
Composition 1, containing 50.0 wt.% clay and 50.0 wt.% ground ASW, and Composition 2,
containing 48.5 wt.% clay, 48.5 wt.% ground ASW, and 3.0 wt.% silica fume, were investigated. The
specimens were fired at 950 °C.

The elemental composition was determined by XRF analysis of pressed powder pellets. The
results are presented in Table 6 as normalised elemental mass fractions. XRF is appropriate here
because it provides bulk elemental-composition data, whereas XRD is used to identify crystalline
phases.

Table 6 — Elemental composition of the fired ceramic specimens determined by XRF, wt.%

Ne Element Composition 1: Composition 2
1 Si 47,25 49,57
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2 Al 21,35 18,83
3 Fe 19,33 19,33
4 Ca 3,91 3,98
5 Mg 2,88 2,77
6 K 2,07 1,84
7 Ti 0,95 0,82
8 S 0,76 1,04
9 Mn 0,43 0,38
10 Cl 0,48 0,73
11 Na 0,12 0,04
12 P 0,12 0,14
13 Sr 0,09 0,13
14 Ba <0,10 0,18
15 Other elements <0,10 <0,10

Si, Al, and Fe were the predominant elements in both specimens. In Composition 1, their
normalised mass fractions were 47.25, 21.35, and 19.33 wt.%, respectively, whereas the
corresponding values for Composition 2 were 49.57, 18.83, and 19.33 wt.%. The incorporation of 3.0
wt.% silica fume increased the normalised Si mass fraction by 2.32 percentage points and decreased
the Al mass fraction by 2.52 percentage points. The Fe content remained unchanged within the
precision of the reported results. Since the data were normalised, they were used for comparative
characterisation of the elemental compositions of the specimens and do not represent the absolute
contents of the components.

The XRD patterns of fired Compositions 1 and 2 are shown in Figures 4 and 5, respectively,
and were used to identify the crystalline phases present in the fired specimens. The following
crystalline phases were identified in Composition 1: quartz, mullite, hematite, albite, anorthite,
diopside, wollastonite, and calcite. A semi-quantitative assessment of the crystalline phases in
Composition 1 is presented in Table 7.

COMMANDER Sample ID (Coupled TwoTheta/Theta)

| PDF 83-2465 Si0Z Quartz low, syn
1 PDF 83-1881 Al(AI1.2725i0.72804.864) Mulite
9,000 PDF 73-2234 Fe203 Hematite, syn
| COD 9002200 AINaO8SI3 Albite
} COD 1010928 CCaO3 Calcite
COD 9016572 AICa0.504Si Anorthite
8,000 | COD 1000013 CaMgO8Si2 Diopside
COD 9005777 Ca038i

8,000

Counts

4,000

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 7 — XRD pattern of fired Composition 1 containing 50.0 wt.% clay and 50.0 wt.% ground ASW,; firing
temperature: 950 °C [Author's material]

Table 7 — Semi-quantitative phase composition of fired Composition 1 determined by XRD [Author's material]

Ne Phase Formula Content, %
1 Quartz SiO2 28,2
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2 Anorthite CaAl2Si.0s 24 .4
3 Albite NaAlSizOs 21,9

4 Mullite AlsSi2013 11,9

5 Hematite Fe.0s 4.9

6 Wollastonite CaSiOs 43

7 Diopside CaMgSi:0s 3,5

8 Calcite CaCOs 0,9

In Composition 2, quartz, mullite, hematite, a plagioclase phase within the anorthite-albite
series, diopside, wollastonite, and calcite were identified (Figure 5). The incorporation of 3.0 wt.%
silica fume did not result in the appearance of any additional crystalline phases that could be reliably
identified within the detection limits of the XRD analysis.

COMMANDER Sample ID (Coupled TwoTheta/Theta)

| PDF 78-1254 Si0O2 Quartz low, syn
— 1 COD 9015503 Fe203 Hematite
COD 3001321 AI2.404.85i0.6 Mullite
| PDF 41-1481 (Ca,Na){Si,A}408 Anorthite, sodian, disordered
- | PDF 71-1497 CaMgSi206 Diopside
PDF 02-0689 CaSi03/Ca0-5i02 Wollastonite
|_COD 1010928 CCa03 Calcite

Counts

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 8 — XRD pattern of fired Composition 2 containing 48.5 wt.% clay, 48.5 wt.% ground ASW, and 3.0 wt.% silica
fume; firing temperature: 950 °C [Author's material]

The identification of quartz, mullite, feldspars, diopside, and wollastonite is consistent with the
presence of Si, Al, Ca, Mg, Na, and K in the normalised elemental compositions of the fired materials.
The presence of hematite is consistent with the detected Fe content. Both compositions exhibited a
similar set of crystalline phases after firing at 950 °C.

The occurrence of quartz, mullite, feldspar-related phases, hematite, diopside, wollastonite, and
calcite is generally consistent with phase assemblages reported for fired clay-based ceramics
containing aluminosilicate and coal-combustion residues [4, 5, 8]. The absence of additional
crystalline phases detectable by XRD after the addition of 3.0 wt.% silica fume suggests that, under
the applied firing conditions, the additive influenced the relative elemental composition and physical
performance of the specimens without producing a separate crystalline phase detectable by the
applied method.

The phase assemblage identified by XRD is plausible for fired clay-based ceramics containing
quartz, feldspars, hematite, mullite, diopside, and wollastonite.

3.2. Forming moisture content and shrinkage of the ceramic bodies
The forming moisture content of Compositions 1 and 2 was 22 wt.%, which enabled the
production of specimens without modifying the adopted forming procedure. The results of the
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determination of mass change and linear shrinkage after drying and firing are presented in Table 8.

Table 8 — Forming moisture content, mass change, and linear shrinkage of the ceramic specimens [Author's material]

Ne Property Composition 1 Composition 2
1 Forming moisture content, wt.% 22,0 22,0

2 Mass loss after drying, % 18,4 18,6

3 Mass loss after firing, % 21,9 21,7

4 Linear shrinkage in diameter, % 6,0 6,4

5 Linear shrinkage in height, % 53 5,2

The close values of forming moisture content and linear shrinkage indicate that the addition of
3.0 wt.% silica fume did not substantially alter the forming behaviour of the clay-ASW bodies under
the adopted processing conditions. This observation is relevant because ash-containing ceramic
formulations can exhibit changes in drying and firing shrinkage depending on the mineralogical
composition and particle-size characteristics of the incorporated waste [4, 5].

3.3. Compressive strength, water absorption, and bulk density

The physical and mechanical properties of the fired ceramic specimens are presented in Table
9. For a clearer comparison of the compressive strength, water absorption, and bulk density of
Compositions 1 and 2, the corresponding values are also shown in Figure 6. These properties are
routinely used to characterise the performance of fired ceramic materials.

Table 9 — Physical and mechanical properties of the fired ceramic specimens [Author's material]

Ne Property Composition 1 Composition 2
1 Compressive strength, MPa 14,60 16,85
2 Strength grade according to GOST 530-2012 M125 M150
3 Water absorption, % 15,1 14,9
4 Bulk density, kg m 1909 1872
5 Bulk-density class according to GOST 530-2012 2,0 2,0
(a) (b) (c)
20 - 20
16.85 20009 1909 1872
< . 14.9 .
£ c € 1500 o
2 k=l o
g g N
% ? é 1000 -
o 5 =
Q g =]
§ © 500 -
0 -
Composition 1 Composition 2 Composition 1 Composition 2 Composition 1 Composition 2

Figure 9 — Comparison of the compressive strength (a), water absorption (b), and bulk density (c) of the fired ceramic
specimens [Author’s material]

The compressive strength increased from 14.60 MPa for Composition 1 to 16.85 MPa for
Composition 2. The difference was 2.25 MPa, corresponding to a 15.4% increase relative to
Composition 1. When compared with the strength-grade criteria of GOST 530-2012, the measured
values corresponded to M125 for Composition 1 and M 150 for Composition 2.

The water absorption values of Compositions 1 and 2 were 15.1% and 14.9%, respectively; the
difference did not exceed 0.2 percentage points. The bulk density decreased from 1909 kg m™ for
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Composition 1 to 1872 kg m= for Composition 2, a difference of 37 kg m~. Both values fall within
bulk-density class 2.0, corresponding to the range of 1410-2000 kg m according to GOST 530-2012.

Thus, under the applied forming, drying, and firing conditions, Composition 2 exhibited higher
compressive strength while maintaining similar water absorption values and bulk-density class 2.0.

The observed increase in compressive strength is consistent with previous reports that the effect
of silica-rich fine additives in fired clay products depends on the composition of the ceramic body
and the firing temperature [6, 9-11]. However, the mechanisms responsible for the strength increase
in the investigated compositions require further microstructural examination.

4 CONCLUSIONS

The feasibility of using fresh ground ASW from Pavlodar TPP-1 in clay-based ceramic bodies
was investigated. The effect of incorporating 3.0 wt.% silica fume on the properties of specimens
fired at 950 °C was also evaluated. The main findings are as follows:

1. Fresh ground ASW exhibited an aluminosilicate composition, containing 61.1 wt.% SiO-,
18.6 wt.% Al=Os, and 7.6 wt.% Fe20s. The crystalline fraction of ASW comprised a-quartz, mullite,
akermanite, muscovite, and enstatite, while a weak amorphous contribution was also observed in the
XRD pattern. These characteristics indicate that the ASW can serve as a technogenic aluminosilicate
component in ceramic bodies.

2. The ceramic body containing 50.0 wt.% clay and 50.0 wt.% ASW exhibited a forming
moisture content of 22.0 wt.% and linear shrinkage values of 6.0% in diameter and 5.3% in height
after firing at 950 °C. The fired specimens showed a compressive strength of 14.60 MPa, water
absorption of 15.1%, and a bulk density of 1909 kg m=.

3. When compared with the relevant classification requirements of GOST 530-2012, these
values corresponded to strength grade M 125 and bulk-density class 2.0.

4. Replacing equal proportions of clay and ASW with 3.0 wt.% silica fume, resulting in 48.5
wt.% clay, 48.5 wt.% ASW, and 3.0 wt.% silica fume, increased the compressive strength to 16.85
MPa. This represents an increase of 15.4% relative to the silica-fume-free composition. Water
absorption and bulk density were 14.9% and 1872 kg m™, respectively. The measured properties
corresponded to strength grade M 150 and bulk-density class 2.0 when compared with GOST 530-
2012.

5. After firing at 950 °C, both compositions exhibited similar crystalline phase assemblages
comprising quartz, mullite, hematite, feldspars, diopside, wollastonite, and calcite. The addition of
silica fume did not result in the formation of additional crystalline phases that could be reliably
identified within the detection limits of the applied XRD analysis.

6. Under the investigated laboratory conditions, the incorporation of 50.0 wt.% fresh ground
ASW from Pavlodar TPP-1 enabled partial replacement of natural clay in ceramic bodies. This
approach may reduce the consumption of natural clay and promote the utilisation of ash—slag waste
in ceramic building materials rather than its storage. Before industrial application can be confirmed,
further work should include testing of specimens with standardised dimensions, assessment of frost
resistance and leaching behaviour, and pilot-scale validation under production conditions. Such
assessments are necessary to confirm both the durability and environmental suitability of ceramic
products containing industrial mineral residues [6, 12-15].
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