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Abstract. This study aims to investigate the chemical composition, phase transfor-
mations, and microstructural characteristics of natural clay and fly ash from a thermal power
plant (TPP) for their combined use in refractory materials, with a focus on compatibility
within an aluminosilicate matrix and its influence on material performance. The chemical
composition of raw materials was determined using X-ray fluorescence spectroscopy (XRF).
Phase composition and high-temperature transformations were analyzed by X-ray diffraction
(XRD). Microstructural features, particle morphology, and elemental distribution were exam-
ined using scanning electron microscopy (SEM) coupled with energy-dispersive spectroscopy
(EDS). Comparative analysis of major oxides (SiO:, Al:Os, Fe:0s, TiO:) was conducted across
all samples. The results show that fly ash consists of fine, predominantly spherical alumino-
silicate particles that enhance packing density and reactivity. Its incorporation into the clay
matrix promotes intensified mullite formation during heat treatment due to increased availa-
bility of reactive silica and alumina. XRD analysis confirmed the formation of primary and
secondary mullite phases, while the presence of alkali oxides in fly ash influenced glass phase
formation and accelerated phase transformations in the contact zone between clay and ash
particles. SEM observations revealed improved microstructural homogeneity and reduced po-
rosity in the modified compositions. The integration of fly ash as a partial substitute for natural
clay improves phase development, enhances microstructural properties, and reduces raw ma-
terial consumption. The findings confirm the potential of utilizing industrial waste in refrac-
tory production, contributing to resource-efficient technologies and advancing sustainable
practices within green chemistry and industrial ecology.
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Anparna. byn 3epmmey maduzu caz ben sncolny snexkmp cmanyusicovinvly (KIC) ywna
KYAIHIY  XUMUATILIK — KYPAMbIH, (DA3anvlk MypleHyiepin JHcoHe MUKPOCMPYKMYPAbIK
cunammamanapvii 3epmmeyee, oniapobl OMKa Mme3iMoi mamepuanoap eHoIpicinde Oipnecin
KONOAHy MAaKcamolHOA, ANIOMOCUTUKAMMbL Mampuyadagsl yuneciMoinlicin  dcone OHbIH
Mamepuan Kacuemmepine acepin b6aganayea bazvimmangan. bacmanker mamepuanoapowiy
XUMUATLIK  KYPAMbl peHmeeHpIyopecyeHmmix manoay a0iciMeH aHbiKmaniobl, Gazanvlk
KYDambl MEH HCO2apbl MeMnepamypaivlk mypieHyiepi peHmeeHpasanvlk mauoay apKblivl,
an  MUKPOCMPYKMYpAuwblK  epeKuienikmepi,  Oonuiekmep — MOPQONOUACyl  JdHcoHe
JjleMeHmmepoiy  mapanybl CKawepiaeywli 2nekmponovl mukpockonus (COM)  owcone
IHEP2UAOUCNEPCUANLIK MaNoay Kemezimen 3epmmendi. Hezizei oxcuomepoiy (SiO: Al:0s,
Fe:0s, TiO:z) monwepine canvicmuipmansl manoay xcypeizinoi. 3epmmey nHomudicenepi yuna
KYA0IH He2i3iHeH Ycak oucnepcmi, uap mapizoi aioMOCUIUKam doauexmepoer mypamviHblH
Kepcemmi, OY1 HCYUeHIH Mbl2bl30AYbIH HCIHE peakyusiivlk Kabiremin apmmouipadvl. Kynoi
€azo0bl Mampuyaea eHeizy mepmusiiblk eHoey Ke3iHoe Myiium my3inyin Kyweumeoi, cebedi
peaxkyusiza Kabiremmi KpemHe3em MeH 2IUHO3eM Meéauiepi apmaovl. Penmeengasanvik
manoay 6acmankul HcaHe eKiHui pemmiK MyAium QasaiapolHoly My3iayiH pacmaosl, an Ky
KYPAMbIHOAbl CIIMINE OKCUOMED WibIHbL (DaA3ACLIHbIY KATIbINMACYbIHA 2Cep emin, ca3 b6eH Ky
OoueKmepiniy JHcanacy aumazviHoa Gazanvlk mypienyaepoi scedendemedi. COM manoaywi
MOOUGDUKAYUANAHEAH KYPAMOAPObIH MUKPOCIPYKIMYPACHIHbLY OIPKENKINICIHIY apMYbIH HCIHE
Keyekminikmiy memeHnoeyin kopcemmi. Ywna Kyaoi mabueu cazovl iwiHapa aimacmolpy
peminoe KONOaHy Mamepuain Kacuemmepin HCAKcapmvln, UWUKI3Am UbIRbIHbIH a3atimaobl
JHCaHe OHOIPICMIK KAObIKMAapObl NAUOANAHY APKbLIbL PecypC YHeMOeUmin mexHoI02UsLapobl
oamulmyea MyMKIHOIK Oepeoi.

Tyiiin  ce3mep: omxa mes3imoi cas, KOO Kyni, XUMUAIBIK — KYpambl,
peHmeeHghiyopecyenmmixk — manoay, — ¢hasanvl  Kypamel,  ywna — Kya, — MyJLIum,
PDEHMEEHKYPUIIBIMObIK — MALOdy, —ATIOMOCUIUKAMMbL  WUKI3am, KaloblKmapobl Kaoeze
arcapamy
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XUMUYECKH AHAJIN3 CBIPHSI U JIETYUYEH 30JIbI 1JI5
IHPOU3BOACTBA OI'HEYIIOPHbBIX MATEPUAJIOB

JI.C. lanmaposa' ©® | M.A. Cepeknaesa'* ® | P.K. Husz6exosa' ©
M. Bembenex?® | C.C. AnnaGeprenosa' ®

'Kaszaxckuit arporexauueckuii uccienosarensckuii yausepeutet um. C. Ceitdymnuna,
010000, Actana, Kazaxcran

2AGH YuupepcuteT HayKu ¥ TexHojoruii B Kpakose,

30-059 Kpaxkos, Ilonbmia

AHHOTaUuUA. /Jannoe uccredosanue HANPAsIeHo HA U3YYeHUe XUMUYECKO20 coCmaada,
Gazosvix npesepawjeHull U MUKPOCMPYKMYPHLIX XAPAKMEPUCTNUK HNPUPOOHOU 2NUHbL U
Jaemydeti 307161 mennogou dnekmpocmanyuu (TOC) ¢ yenvro ux coemecmHo2o UCnoIb308AHUSL
8 NpoU380OCMEe OCHEYNOPHLIX MAMepuanos, ¢ AaKYeHmoM Hd COBMECMUMOCMb 8
AMIOMOCUTUKAMHOU Mampuye U eé 6IusHue Ha ceoucmea mamepuand. Xumuueckuti cocmae
UCXOOHBIX Mamepuaios Ovll onpeoeien MemoooM pPeHMeeHOPIYOPeCYeHMHO20 aHAnu3d,
Gazosulii cocmas u 8biCOKOMeMnepamypHbvle npespaujeuss — MemoooM peHmaeHopaz08020
aHanu3a, a MUuKpoCmMpyKmypHvie 0COOeHHOCmU, MOop@ono2us 4acmuy u pacnpeoeieHue
IIEMEHMO8 — C UCHONb308AHUEM CKaAHupyroweu snekmpoHHou muxkpockonuu (COM) 6
couemanuu ¢ 9HepPeOOUCNEPCUOHHbIM —aHaiuzom. I1Ipoeedén cpasHumenvHulil aHAIU3
cooepacanusi 0CHOBHbIX okcudos (Si0s, Al:0s, Fe:0s, TiO:). Pe3yrivmamul nokasanu, umo
Jemyuas 3014 COCMOUM U3  MOHKOOUCHEPCHbIX NPeUMyWecmeenHo  cepuueckux
AMIOMOCUTUKAMHBIX — 4ACMUY, NOBLIUAIOWUX NIOMHOCMb  YNAKOBKU U  PEeAKYUOHHYIO
cnocobnocms  cucmemvl. Beedenue 30161 8  2IUHUCYIO  Mampuyy —CROCOOCm8yem
uHmMeHcugurkayuy 00paz08aHus MyJuIuma nPu mepmuyecKol 0opabomre 3a cuém ysenudenus
cooepatcanuusi peakyuoHHOCNOCOOHbIX opm KpemHe3éma u 2nuHo3éma. Penmeenogazosuiii
aHanuz noomeepoun obpazoeanue NepeutHbIX U GMOPUUHBIX (a3 MYIIUma, a npucymcmeue
WeNOYHbIX OKCUOO08 8 30jle 6lusem Ha hopmuposanue cmexioghassl u yckopsem ¢hazogvie
npespaujetusi 6 KOHMAKMHOU 30He Mexcoy yacmuyamu enunsl u 3o0aul. COM-ananusz nokazan
VayuuleHue O0OHOPOOHOCMU — MUKPOCHPYKMYPbl u CHUDICEeHUe nopucmocmu
MoOoupuyuposanuvix cocmasos. Mcnonvzosauue nemyyell 307bl KAK YACMUYHOU 3AMEHbL
NPUPOOHOU 2NIUHBL CROCOOCMBYEm YIYYULEHUIO CBOUCME MAMEPUANA U CHUICEHUIO PACX00a
CbIpbsl, NOOMBEPAHCOAs. NEPCNEeKMUBHOCTNb NPUMEHEHUS. NPOMBIUIEHHBIX OMX0008 8 PAMKAX
pecypcocbepezaoujux MexHoL02Ull U NPUHYUNOG «3eLEHOUY XUMUL.

KuroueBble caoBa: ocueynopnas eauna, 3ona 19L], xumuueckuu cocmas,
PeHmeeHOPyopecyeHmublll  aHaiu3,  Gazosviti  cocmas,  301A-YHOC,  MYIUM,
PEHMEEeHOCMPYKMYPHBIU AHANU3, ANIOMOCUIUKAMHOE Cblpbe, YMUIUIAYUSL OMX0008
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1 INTRODUCTION

The modern construction and refractory materials industry is increasingly confronted with the
need to transform its raw material base in response to resource depletion and environmental chal-
lenges. The extensive use of high-quality natural clays leads to their gradual exhaustion and rising
extraction and transportation costs. At the same time, the global energy sector generates significant
volumes of fly ash as a by-product of coal combustion at thermal power plants, posing serious envi-
ronmental risks associated with ash disposal, including soil and groundwater contamination by toxic
elements. In the context of the circular economy and sustainable materials science, the valorization
of technogenic raw materials, such as fly ash, into high-performance refractory materials represents
a promising research direction (Kamara et al. 2020).

Recent studies indexed in Scopus and Web of Science emphasize the growing interest in the
reuse of industrial by-products for advanced ceramic applications, particularly in the development of
eco-efficient and resource-saving technologies. However, while the incorporation of fly ash has been
widely investigated in building ceramics and cement systems, its application in refractory materials
remains relatively limited due to stricter requirements for thermal stability, chemical purity, and phase
composition. In particular, the role of impurity oxides (Fe20s, TiO2, CaO) and alkaline components
in phase transformations and high-temperature behavior is not sufficiently understood (Valaskova et
al. 2021).

Clay and fly ash represent complex multicomponent aluminosilicate systems with comparable
chemical compositions characterized by high contents of SiO2 and Al:Os. This similarity creates fa-
vorable conditions for their combined thermal processing and the potential formation of high-tem-
perature phases such as mullite. Nevertheless, the variability of ash composition, depending on coal
type and combustion conditions, introduces significant uncertainty in predicting phase evolution and
material performance. In addition, the kinetics of mullite formation in the presence of ash micro-
spheres and the influence of glass-forming components on the structure of the ceramic matrix require
further investigation (Pregernik et al. 2025).

The modern paradigm of building materials science and refractory technologies is increasingly
oriented toward the utilization of secondary and technogenic raw materials due to the depletion of
high-quality natural aluminosilicates and growing environmental constraints. In this context, fly ash
from thermal power plants (TPPs) is widely considered a promising resource with a complex phase
composition consisting of both glassy and crystalline components (Koshy et al. 2021). Its incorpora-
tion into clay matrices has been shown to significantly alter phase transformation pathways during
thermal treatment.

A number of studies have focused on the interaction between kaolinite (Al.S120s(OH)4), the
main component of refractory clays, and aluminosilicate glass present in fly ash. It has been estab-
lished that at temperatures above 1100 °C, the clay structure undergoes decomposition, leading to the
formation of reactive silica, which interacts with alumina from ash to form secondary mullite (Khater
et al. 2024; Das et al. 2020). The needle-like morphology of mullite is widely recognized as a key
factor enhancing the thermal stability and mechanical strength of refractory materials. However, most
of these studies are conducted under controlled laboratory conditions and do not sufficiently account
for the variability in ash composition, which limits their applicability in industrial practice.

Considerable attention has also been given to the role of impurity oxides such as Fe20s, TiOs,
CaO, and alkali oxides (K20, Na20), whose concentrations in fly ash can vary significantly depending
on fuel type and combustion conditions (Wang et al. 2020). These components exhibit a dual effect:
on one hand, they can act as mineralizers that promote mullite formation (Tabit et al. 2020), while
on the other hand, they contribute to the formation of low-melting glassy phases that reduce refrac-
toriness (Hossain et al. 2020; Agarwal et al. 2020). Despite the availability of such studies, a sys-
tematic understanding of the balance between these competing effects remains limited.

Microstructural investigations using scanning electron microscopy reveal that fly ash particles
typically exhibit a spherical morphology (cenospheres and plerospheres), which improves workabil-
ity and reduces the viscosity of clay mixtures (Chen et al. 2020; Bhatt et al. 2019). Nevertheless, as
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highlighted by Ma et al. (2019) and Abildaeva et al. (2022), improper control of particle size distri-
bution may lead to increased porosity and reduced density, negatively affecting the performance of
refractory materials. This underscores the need for precise control of structural parameters.

From an environmental and economic perspective, the utilization of fly ash is often discussed
within the framework of industrial symbiosis, where waste streams are re-integrated into production
cycles (Fu et al. 2019; Li et al. 2019). Furthermore, recent studies indicate that eutectic melts formed
in ash-containing systems can reduce sintering temperatures and energy consumption (Maikonov et
al. 2025; Takirova et al. 2025). However, the majority of these studies are focused on construction
ceramics, where performance requirements are less stringent compared to refractory materials (Ibra-
yeva et al. 2025; Kultayeva 2025).

Thus, the analysis of the literature indicates that existing research is predominantly focused on
the use of fly ash in building materials and does not fully address the specific requirements of refrac-
tory systems. The main research gap lies in the insufficient understanding of the combined influence
of ash chemical composition, particularly impurity oxides, on phase formation, mullite formation
kinetics, and microstructural evolution in clay—ash systems under high-temperature conditions. In
addition, there is a lack of comprehensive comparative studies of natural and technogenic raw mate-
rials from the perspective of their joint application in high-temperature refractory compositions.

Addressing this gap requires an integrated approach combining chemical, phase, and micro-
structural analysis, which defines the scope and direction of the present study.

The scientific novelty of this study lies in the comprehensive assessment of the interaction be-
tween natural refractory clay and fly ash with varying oxide compositions, with a particular focus on
impurity effects on phase formation and high-temperature behavior. Unlike existing studies, which
are primarily oriented toward construction materials, this work addresses the application of techno-
genic components in refractory systems operating under extreme thermal conditions.

The aim of this study is to conduct a comparative analysis of the chemical composition of nat-
ural refractory clay and fly ash, as well as to investigate their interaction during high-temperature
synthesis.

To achieve this aim, the following research objectives are defined:

- to determine the concentration of major and impurity oxides using X-ray fluorescence (XRF)
analysis;

- to identify phase transformations and crystalline structure evolution using X-ray diffraction
(XRD);

- to analyze the microstructure of the obtained materials using scanning electron microscopy
(SEM);

- to evaluate the potential of fly ash as a component of refractory compositions.

The results of this study provide an analytical basis for the development of new refractory ma-
terials with an increased content of technogenic raw materials and improved performance character-
istics.

2 MATERIALS AND METHODS

Refractory clay of kaolinite type and fly ash obtained from the dry ash removal system of a
coal-fired thermal power plant were used as the primary raw materials. The clay is characterized by
high plasticity and stable aluminosilicate composition, while the fly ash represents a heterogeneous
aluminosilicate system with variable oxide content.

Prior to analysis, all raw materials were subjected to standardized pre-treatment to ensure re-
producibility. Samples were dried at 105-110 °C to constant mass (24 h), followed by mechanical
grinding in a planetary mill. The powders were sieved to obtain a particle size fraction below 0.071
mm.

The bulk chemical composition was determined using wavelength-dispersive X-ray fluores-
cence spectroscopy (WDXRF) on a PANalytical Axios spectrometer. Powder samples were pressed
into pellets on a boron substrate under a pressure of 200 kN.
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The quantitative analysis included the determination of major and impurity oxides (SiO2, ALOs,
Fe20s, CaO, MgO, K-0, Na:20, TiO:). The measurement accuracy was controlled by calibration stand-
ards, with a relative standard deviation not exceeding 0.5% for major components.

The phase composition of the raw materials and synthesized samples was analyzed using X-ray
diffraction (XRD) on a Bruker D8 Advance diffractometer with Cu-Ko. radiation (A = 1.5406 A).

The scanning parameters were as follows:

- angular range (20): 5°-80°

- step size: 0.02°

- scan speed: 1-2°/min

Phase identification was performed using the ICDD PDF-2 database. Semi-quantitative phase
analysis was carried out based on peak intensity ratios.

The morphology of fly ash particles and the microstructure of sintered samples were investi-
gated using scanning electron microscopy (SEM) equipped with an energy-dispersive spectroscopy
(EDS) system.

The analysis was conducted under the following conditions:

- accelerating voltage: 15-20 kV

- working distance: 8—10 mm

- magnification range: x100—x5000

EDS microanalysis was used to determine the local chemical composition and distribution of
elements in the microstructure.

To investigate the interaction between clay and fly ash, model mixtures with varying mass ratios
were prepared: 90:10, 80:20, 70:30, 60:40, and 50:50 (clay:ash).

The preparation procedure included:

1. Dry homogenization of components for 10—15 min;

2. Addition of distilled water to achieve a moisture content of 8—10%;

3. Uniaxial pressing into cylindrical specimens (diameter 20-30 mm) under a pressure of 15—
20 MPa.

Firing was carried out in a laboratory muffle furnace under controlled conditions:

- temperature range: 1100-1400 °C

- heating rate: 5-10 °C/min

- soaking time at maximum temperature: 2 h

- cooling: furnace cooling to room temperature

These parameters were selected to simulate industrial conditions of refractory material synthe-
sis.

3 RESULTS AND DISCUSSION

The results of X-ray fluorescence analysis (XRF) presented in Table 1 allow us to assess the
potential for using TPP ash as a modifier of clay charge.

Table 1 — Chemical composition of the materials studied (mass %)

Material SiO: ALOs Fe20s CaO K:0+Na2O TiO: MgO LDC*
Refractory clay 53,6 33,4 1,3 0,5 1,0 0,9 0,6 8,2
Fly ash from thermal power plants 56,2 25,8 4.6 2,2 2,3 1,3 0,7 3,4

* LDC - Losses during calcination.

As presented in Table 1 the chemical composition analysis indicates that both materials belong
to aluminosilicate systems with high contents of SiO. and AL.Os, suggesting their potential compati-
bility during high-temperature processing. However, refractory clay is characterized by a higher Al.Os
content (33,4 wt.%), which promotes the formation of thermally stable phases, primarily mullite, and
contributes to enhanced refractoriness.
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In contrast, fly ash exhibits elevated levels of Fe.Os (4,6 wt.%), CaO (2,2 wt.%), and alkali
oxides (K2O + Na:O = 2,3 wt.%), which act as fluxing agents. These components facilitate liquid-
phase sintering and reduce the firing temperature, thereby accelerating phase transformations. At the
same time, their presence may promote the formation of low-melting glassy phases, potentially lim-
iting the high-temperature performance of the material.

A significant difference is also observed in the loss on ignition (LOI) values: refractory clay
shows a higher LOI (8,2 wt.%), associated with the dehydroxylation of kaolinite, whereas fly ash
exhibits a lower value (3,4 wt.%), reflecting its prior thermal exposure during coal combustion.

Overall, the combination of alumina-rich clay and flux-containing fly ash creates favorable
conditions for controlled sintering and phase evolution. However, optimization of the composition is
required to balance densification and refractoriness, minimizing excessive glass formation and pre-
serving high-temperature stability. Table 2 presents the elemental composition of the studied materi-
als

Table 2 - Elemental composition of the studied materials (mass %, calculated)

Material Si Al Fe Ca K+Na* Ti Mg
Refractory clay 24,5 18,4 0,84 0,43 0,88 0,54 0,24
Fly ash thermal power plants 27,4 13,9 3,35 1,50 2,00 0,72 0,48

According to Table 1 the elemental composition further confirms the fundamental differences
in the physicochemical behavior of refractory clay and fly ash during high-temperature processing.
Refractory clay is characterized by a relatively balanced Si—Al ratio, with significant aluminum con-
tent (18,4 wt.% Al), which is favorable for mullite formation and contributes to the development of a
stable crystalline framework under elevated temperatures.

In contrast, fly ash exhibits a higher silicon content (27,4 wt.% Si) combined with a noticeably
lower aluminum concentration (13,9 wt.% Al), indicating a silica-rich composition that may limit the
extent of mullite formation and promote the presence of a residual glassy phase. This imbalance in
the Si/Al ratio suggests a shift in phase evolution mechanisms toward increased glass formation dur-
ing sintering.

A pronounced difference is observed in the concentration of impurity elements. Fly ash contains
significantly higher levels of Fe (3,35 wt.%), Ca (1,50 wt.%), and alkali elements (K + Na = 2,00
wt.%), which act as fluxing agents and contribute to liquid-phase formation at lower temperatures.
While this can enhance densification and accelerate sintering kinetics, it may also lead to the for-
mation of low-viscosity melts, increasing the risk of structural deformation under high-temperature
conditions.

Additionally, the higher content of Ti (0,72 wt.%) and Mg (0,48 wt.%) in fly ash may influence
phase stability and crystal growth behavior. These elements can act as modifiers of the crystalline
structure, affecting grain growth and potentially contributing to the stabilization of secondary phases.

Overall, the results indicate that refractory clay provides a structurally stable aluminosilicate
framework, whereas fly ash introduces reactive and fluxing components that significantly alter the
sintering behavior and phase transformation pathways. This combination creates opportunities for
tailoring material properties but requires careful compositional control to balance densification, phase
formation, and high-temperature performance.

Figure 1 presents a comparative analysis of the elemental composition of fly ash and clay.
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Figure 1 — Comparative analysis of the elemental composition of fly ash and clay (author’s materials)

As shown in Figure 1 a comparison of the mass fractions of the main chemical elements in
refractory clay and ash fly ash from a thermal power plant, calculated based on X-ray fluorescence
analysis data.

Analysis of the distribution of elements reveals the following patterns:

The silicon content in ash is higher (27.4%) than in clay (24.5%), which confirms its pro-
nounced siliceous nature and potential ability to participate in the formation of aluminosilicate phases.

Refractory clay has a higher aluminum content (18.4%) than ash (13.9%), which gives it greater
refractoriness and the ability to form a mullite structure during firing.

The ash is characterized by a significantly higher iron content (3.35% compared to 0.84%),
which may influence the color of the products, phase transformations, and sintering behavior.

The elevated calcium content in the ash (1.50%) indicates its fluxing activity and ability to
reduce the temperature at which the liquid phase forms.

The content of alkaline elements (K + Na) in ash reaches 2.0%, which is almost 2.3 times higher
than in clay. Alkaline oxides are active fluxes that accelerate diffusion processes and sintering during
heat treatment.

The titanium (Ti) and magnesium (Mg) content in the ash is also slightly higher, which may
contribute to the formation of additional secondary phases under high-temperature exposure.

According to the results of X-ray fluorescence analysis, the ash-carrier from the thermal power
plant under investigation does not contain toxic and environmentally hazardous elements in concen-
trations exceeding the maximum permissible values established by the technical regulations of the
Eurasian Economic Union (EAEU), including in terms of the safety of building materials and raw
materials.

The content of heavy metals and potentially hazardous impurities is within regulatory limits,
which complies with industrial, sanitary, hygienic, and environmental safety requirements.

Thus, the ash under investigation can be considered a safe man-made aluminosilicate material
suitable for use in the production of refractory products without restrictions on chemical safety indi-
cators.

Analysis of X-ray diffraction (XRD) data revealed complex transformation dynamics. In its
initial state, the clay consists of kaolinite, which transforms into metakaolinite when heated above
550 °C. When fly ash containing a significant amount of amorphous glass phase is added, the sintering
process intensifies.
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A critically important process, mullitization, occurs in the temperature range of 1150-1350°C.
The interaction between the active silica in clay and the aluminum oxide in ash proceeds according
to the following stoichiometric equation (1):

3(ALOs - 28i02) — 3ALOs - 2Si0; + 4Si0, (1)

Here, metakaolinite decomposes to form primary mullite and free SiO»>. The presence of TPP
ash introduces additional Al,Os into the system, which reacts with free silica, initiating the growth of
secondary mullite. This is confirmed by an increase in the intensity of diffraction maxima at angles
20=16.4°, 26.2°, 33.2°. Figure 2 presents the phase composition of fly ash from a thermal power
plant.
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Figure 2 - Phase composition of fly ash from a thermal power plant (author’s materials)

As shown in Figure 2 the diffractogram of fly ash obtained by X-ray phase analysis (CuKa
radiation) is presented in the angle range 26 = 5-100°. The abscissa axis shows the diffraction angle
20 (degrees), while the ordinate axis shows the intensity of the diffraction signal (relative units).

Analysis of the diffractogram shows the presence of a pronounced diffuse maximum in the 15—
30° 20 range, indicating a significant proportion of amorphous glassy phase. The presence of an
amorphous component is characteristic of fly ash formed during rapid cooling of molten mineral
components of coal.

The most intense crystalline reflection was recorded at 20 =~ 26.6°, which corresponds to quartz
(Si02). Additional peaks in the regions of 20°, 29-30°, 36°, 50°, and 60° 20 may be associated with
aluminosilicate and iron-containing phases.

Thus, fly ash is characterized by a mixed amorphous-crystalline structure with a predominance
of quartz and a glassy aluminosilicate matrix, which determines its potential reactivity during heat
treatment and interaction with mineral components of the charge. Figure 3 presents the phase com-
position of refractory clay.
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Figure 3 - Phase composition of refractory clay (author’s materials)

As shown in Figure 3 the diffractogram of refractory clay was also recorded in the range of 20
= 5-100°. Unlike ash, the structure of clay is characterized by more pronounced crystalline peaks and
a less intense amorphous background.

The main diffraction peaks are observed at:

220 =20-21°;
- 20 =26
- 20 = 35°
- 20 = 45°
- 20 = 60°.

The peak at 26 = 26° corresponds to quartz. Reflections in the range of 20-25° 26 may be due
to the presence of clay minerals (kaolinitic or hydromica nature). Higher intensity and sharpness of
peaks indicate a higher degree of crystallinity compared to fly ash.

Comparison of the diffractograms shows:

- fly ash contains a significant proportion of amorphous glassy phase;

- refractory clay is characterized mainly by a crystalline structure;

- quartz is the main crystalline phase in both materials;

- higher amorphousness of ash causes its increased reactivity.

The data obtained confirm the feasibility of using fly ash as a modifying additive to clay charge,
since the amorphous aluminosilicate component is capable of participating in phase formation pro-
cesses during heat treatment and contributing to the intensification of sintering.

To evaluate the influence of composition and firing temperature on the microstructure and sin-
tering behavior of clay—ash systems, scanning electron microscopy (SEM) analysis was performed.
Particular attention was paid to the effect of fly ash content on densification, pore structure, and phase
interaction during heat treatment.

Figure 4 shows micrographs of samples with different clay:ash ratios (90:10 and 50:50), ob-
tained by scanning electron microscopy after heat treatment at 1100 and 1400 °C.
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Figure 4 - Microstructure of clay-ash samples after firing at 1100 and 1400 °C (SEM): a) 90:10, 1100 °C; b)
90:10, 1400 °C; ¢) 50:50, 1100 °C; d) 50:50, 1400 °C (author’s materials)

As shown in Figure 4a, the microstructure of the sample with a clay:ash ratio of 90:10 after
firing at 1100 °C is characterized by a relatively loose structure with developed porosity and insuffi-
cient sintering. The particles largely retain their original morphology, indicating a low degree of in-
teraction between the components. Pronounced intergranular voids and a limited number of contact
zones are observed, which suggests that the formation of a continuous binding phase has not yet
occurred. This microstructural state corresponds to an early stage of sintering, where particle rear-
rangement dominates over diffusion-controlled densification processes.

As illustrated in Figure 4b, increasing the firing temperature to 1400 °C leads to a significant
enhancement of sintering. The structure becomes denser and more homogeneous, with a noticeable
reduction in open porosity. The number of interparticle konTakTOB increases, and partial coalescence
of grains is observed, indicating the development of a glassy phase and the onset of liquid-phase
sintering.

According to Figure 4c, the sample with a higher ash content (50:50) fired at 1100 °C exhibits
a more heterogeneous structure compared to the 90:10 composition. The presence of fine ash particles
contributes to partial filling of pores; however, the overall degree of sintering remains limited. The
structure still contains significant porosity, although a greater number of nucleation sites for phase
formation can be identified.

As shown in Figure 4d, at 1400 °C the 50:50 composition demonstrates the most pronounced
densification effect. The microstructure becomes significantly more compact, with reduced pore size
and improved homogeneity. This is attributed to the higher content of amorphous aluminosilicate
phase introduced with fly ash, which promotes liquid-phase formation, enhances diffusion processes,
and intensifies mullite crystallization.

Microstructural analysis showed that the following changes occur as the firing temperature in-
creases:

- compaction of the structure and reduction of open porosity;

- formation of contact zones between ash and clay particles;

- the appearance of liquid phase sintering areas;

- formation of secondary aluminosilicate phases.
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In compositions with an ash content of 10-30%, the structure is characterized by a more uni-
form distribution of pores and the formation of a dense matrix. The amorphous component of ash is
actively involved in phase formation processes, contributing to the formation of an additional binding
phase.

When the ash content increases to 40—50%, there is an increase in the amount of the glassy
phase and intensification of liquid-phase sintering, which leads to a decrease in porosity. However, if
the content of fluxing components is excessive, an excess glassy matrix may form.

The microstructural data obtained indicate that ash carryover performs a dual function:

1. asareactive aluminosilicate component;

2. as a fluxing additive that activates sintering processes.

The optimal ratio of components ensures the formation of a dense, homogeneous structure with
developed intergranular bonding, which directly affects the performance characteristics of the result-
ing refractory materials.

4 CONCLUSIONS

A comprehensive study of the chemical, phase, and microstructural characteristics of the “re-
fractory clay — TPP fly ash” system has yielded the following key conclusions:

1. X-ray fluorescence analysis revealed that the investigated fly ash is an aluminosilicate ma-
terial with a high content of SiO2 (=56.2 wt.%) and Al:Os (=25.8 wt.%). The total content of acidic
oxides (Si0z + ALOs + Fe203 > 80 wt.%) confirms its suitability as a technogenic substitute for natural
clay raw materials in medium-alumina refractory production. The elevated Fe-Os content (3.35%)
compared to clay (0.84%) may additionally influence phase evolution and sintering behavior.

2. X-ray diffraction analysis demonstrated that fly ash exhibits a mixed amorphous—crystalline
structure dominated by quartz and a significant proportion of reactive amorphous aluminosilicate
phase, whereas the clay is predominantly crystalline. The presence of up to ~40-60% amorphous
phase in ash enhances its reactivity, promoting intensified mullite formation and accelerating phase
transformations during thermal treatment.

3. SEM analysis confirmed that the incorporation of fly ash leads to improved packing density
and microstructural homogeneity. At firing temperatures of 1100-1400 °C, the formation of an addi-
tional glassy bonding phase reduces porosity and enhances densification, resulting in a more uniform
and compact structure.

The study establishes the relationship between chemical composition, amorphous phase con-
tent, and sintering behavior in aluminosilicate systems modified with fly ash. It provides new insights
into the role of technogenic aluminosilicates in mullite formation and microstructural evolution of
refractory materials.

The results justify the use of TPP fly ash as a partial replacement (up to 20-50%) for natural
clay, enabling:

- reduction of raw material consumption;

- improvement of material properties (density, homogeneity);

- reduction of environmental impact through ash utilization.

Thus, the demonstrated chemical compatibility and phase synergy of natural clay and fly ash
confirm the feasibility of implementing these compositions in refractory production. Further research
should focus on optimizing particle size distribution and its effect on porosity and gas permeability.
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