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clay, fly ash, silica fume, This study investigates the microstructural and elemental characteristics
waste glass powder, of raw mineral materials used as potential additives in ceramic
microstructure, sem—eds production. Clay, waste glass powder, silica fume, and fly ash were
analysis, ceramic materials. analyzed using scanning electron microscopy (SEM) coupled with

energy-dispersive X-ray spectroscopy (EDS). The materials were ground
and sieved to obtain particles smaller than 74 um prior to analysis. SEM
observations revealed distinct morphological features: clay particles
exhibited irregular plate-like structures, waste glass showed angular
fractured particles, silica fume consisted of extremely fine agglomerated
particles, and fly ash displayed both spherical and irregular particles
typical of combustion by-products. EDS analysis confirmed that silica
and oxygen are the dominant elements in all materials, while aluminum,
magnesium, potassium, and calcium were present in smaller amounts.
The results indicate that these materials contain significant silica and
aluminosilicate components, suggesting their potential use as mineral
additives in ceramic systems and sustainable construction materials.

Tyitinai cesaep: TYWUIHAEME

GaAITbIK, YITIIIa KY4, bya xympicTa kepaMukaablK Marepuaajap ©HJAipiciHae KoadaHyra
MUKPOKpPEMHe3eM, IIBIHBI 0oaaThIH ~ MUHEPaAABIK, — KOCHaJapAblH  MMKPOKYPBIABIMBEL ~ MeH
YHTaFbl, MUKPOKY PBLABIM, DAEMEeHTTIK KypaMHbl 3epTTeAAi. BaAIIbIK, IIBIHBI YHTaFB, MUKPO-
SEM-EDS Taaaaysr, KpeMHe3eM >KoHe YIIIa KyA CKaHepAeyIIi 91eKTPOHABIK, MUKPOCKOIIS
KepaMMKaABbIK (SEM) >xoHe sHepIruaANCIIepCUsABbIK peHTreHAIK Taasay (EDS) aaictepin
MaTtepuaajap KOAJaHy apKbIABI 3epTTeadi. Taasayra aeifin MaTepuaajap ycaKTaAblIl,
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74 MKXM eaexTeH oTkiziaAi. SEM wHoTirkeaepi GeamiexrepaiH opTypai
MOPQOAOTMACHIH KOPCETTi: OaAIIBIK I1AaCTUHKAABl KYPBLABIMMEH
cUraTTalaabl, IOBIHBL YHTAFbl OYPBIIITHL CHIHFAaH OeAIeKTepJeH
TypaAbl, MUKpPOKpeMHe3eM oTe ycakK arlioMepausilaHFaH OeAIllek-
TepJeH TypaAbl, aa YIIITa Ky )aHy eHiMAepiHe ToH cdepablK >KoHe
opTYyp4i mimiHai OeamextepdeH Typaabl. EDS Taasaysl 3eprreareH
MaTepuaajapAblH Heri3Ii ®AeMeHTTepi KpeMHUIT MeH OTTeTl eKeHiH, aa
AAIOMMHMIL, MaTHUI, KaAUii >KoHe KaAblMil a3 MeAlllepae Ke3AeceTiHiH
KepceTTi. AABIHFaH HoTIDKelep Oya MaTepmuaajapAblH KypaMBIHAQ
KPeMHHII KoHe aAI0MOCUANKAT KOMIIOHEHTTePiHiH JKOFaphl MeAllepae
Oap ekeHiH KepceTesi >XoHe 04apabl KepaMUKaABIK dPi DKOAOTUAABIK
TYpaKThl KYPBIABIC MaTepuaAjapblH ©HAipyde MUHepaaAAblK Kocla
peTiHde K0A4aHy MYMKIHAITIH g94ea4eiiai.

Karogesrnle caoBa: AHHOTAII VST

rAMHa, 304a YHOCa, B samnoit pabGoTte mccaejoBaHBI MUKPOCTPYKTYpPHBIE 11 DAeMeHTHLIe

MUKpOKpeMHe3eM, XapaKTepUCTUKI MMHEpPaAbHBIX MaTepualoB, paccMaTpMBaeMbIX Kak
CTeKA00011, MOTeHIIMaAbHbIe A00aBKM AAs ITPOM3BOACTBA KePaMIMIECKUX U3AeAMIL.
MUKpPOCTpYKTypa, SEM- I'amHa, cTeka00071, MUKPOKpeMHe3eM I 304a YHOCa OBLAM 1CCA€A0BaHBI C
EDS anaans, UCIIOAB30BaHMEM CKaHUPYIOIIell 9AeKTPOHHONM Mukpockormvm (SEM) B
KepaMmJecKye MaTepuaibl COUeTaHN! C DHEPIOAVICIIEPCUOHHBIM PeHTTeHOBCKMM aHaausoM (EDS).
Ilepea anaan30M MaTepuaabl ObLAY M3MeABYEHDI U ITPOCESHBI Yepe3 CUTO
¢ pasMepoM seek 74 MkM. SEM-HabaAI0AeHMS TIOKazaAll pa3ANdHYIO
MOpJOAOIMIO  YaCTMIL: TAMHA  XapaKTepu3yeTcs  I1AaCTUHYATON
CTPYKTYpOI1, CTeKA0DO¥ ITpeacTaBAeH YIAOBaTHIMU (pparMeHTHpOBaH-
HBIMI YacTUIIaMM, MUKPOKPEeMHe3eM COCTOUT U3 yABTPaAMCIIePCHBIX
arZ0MepHupOBaHHBIX YaCT!I, a 304a YHOCA COAepXKUT cepudeckue U
HenpasBuAbHOM (popMbl JacTuifsl. EDS-anaan3 mokasa, YTO OCHOBHBIMM
94eMeHTaMU UCCAeAyeMbIX MaTepHaloB SBASIOTCS KPEMHUI U KICAOPO,
TOrZa KakK aAlOMJUHUI, MarHuii, KaAul ¥ KaAbLUI TIPUCYTCTBYIOT B
MEHBINX KoAmdecTBaX. IloaydeHHBIe pe3yAbTaThl CBUAETEABCTBYIOT O
BBICOKOM  COJep>KaHMM  KpeMHe3eMHBIX I aAIOMOCHUAMKATHBIX
KOMIIOHEHTOB, 4TO IIOATBEep>KJaeT IepPCIeKTUBHOCTh VCIIOAb30BaHIA
AAHHBIX ~MaTepualoB B KauecTBe MIHepaAbHBIX J400aBOK IIpuU
ITPOM3BOACTBE KePaMITIeCKIX U YCTOMYMBBIX CTPOMUTEABHBIX MaTepraaoB.

INTRODUCTION

The increasing demand for sustainable construction materials has led to growing interest
in the utilization of industrial by-products and waste materials in ceramic production. The
recycling of industrial waste not only reduces environmental pollution but also promotes the
conservation of natural resources and the development of environmentally friendly building
materials (Ahmaruzzaman, 2010; Mohajerani et al., 2017). In recent years, the construction
industry has been actively seeking alternative raw materials capable of partially replacing natural
resources traditionally used in building materials production. The use of industrial by-products
in ceramic technology is considered an effective approach to achieving circular economy
principles by transforming waste streams into valuable secondary resources. It has been reported
that the global production of fly ash exceeds 750 million tons per year, while a significant portion
of this waste still remains unused or disposed of in landfills, creating environmental concerns
(Ahmaruzzaman, 2010).

Among various industrial by-products, fly ash has received considerable attention due to
its high content of silica and alumina, which typically account for 60-80% of its chemical
composition. These oxides are similar to the mineral components of clay materials and therefore
allow fly ash to be successfully incorporated into ceramic bodies. Previous studies have shown
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that the incorporation of 10-30% fly ash into clay bricks can improve compressive strength and
durability while reducing firing energy consumption (Abbas et al., 2017; Sutcu et al., 2019; Yuan
et al., 2022). In addition, the presence of fine spherical particles in fly ash contributes to improved
packing density and microstructural development during sintering. This results in enhanced
densification and reduced porosity of fired ceramic products, which ultimately improves their
mechanical and durability properties.

Silica fume is another industrial by-product widely used in ceramic systems due to its
extremely fine particle size and high amorphous silica content, which usually exceeds 85-95%
Si0O,. Because of its ultrafine particles and high pozzolanic reactivity, silica fume can significantly
influence the microstructure formation of ceramic materials during thermal processing. The
addition of silica fume can influence sintering behavior and improve the physico-mechanical
properties of fired clay materials depending on the firing conditions and additive content
(Baspinar et al.,, 2010; Elmaghraby & Ismail, 2016). Previous studies have reported that the
incorporation of 5-15% silica fume may enhance the densification of ceramic bodies, reduce pore
size distribution, and increase compressive strength (Kumar et al., 2021). Moreover, the presence
of highly reactive silica may promote the formation of additional silicate phases during firing,
which contributes to the improvement of the overall structural integrity of ceramic products.

Waste glass is also considered a promising secondary raw material for ceramic production.
Due to its amorphous structure and high silica content, which typically ranges from 65-75% SiO,,
crushed glass can act as a fluxing agent during firing and promote liquid phase formation at
temperatures of approximately 900-1050 °C (Demir, 2009). The formation of a liquid phase during
firing facilitates particle bonding and contributes to the densification of the ceramic matrix.
Several studies have demonstrated that the incorporation of 10-25% waste glass in clay bricks
contributes to waste recycling and improves the physical properties of ceramic products,
including strength and water resistance (Akinwumi et al.,, 2019; Mao et al., 2020; Lesovik et al.,
2024). Furthermore, the combined use of fly ash and waste glass in ceramic materials has been
investigated as a sustainable approach for recycling industrial wastes and improving the overall
performance of ceramic products (Karayannis et al., 2017; Yadav et al., 2024).

Despite numerous studies on the use of industrial by-products in ceramic brick production,
the microstructural characteristics and elemental composition of the raw materials play a crucial
role in determining their behavior during processing and firing. The morphology of particles,
distribution of chemical elements, and interaction between mineral components significantly
influence sintering mechanisms, phase formation, and the final properties of ceramic materials.

Therefore, the aim of this study is to investigate the microstructure and elemental
composition of clay, crushed waste glass, silica fume, and fly ash using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) in order to evaluate their
potential application in clay-based ceramic materials.

MATERIALS AND METHODS

The clay used in this study was obtained from the Burunday brick plant located in Almaty,
Kazakhstan. Waste glass powder was sourced from recycled construction and demolition glass
waste collected in Almaty, Kazakhstan. Silica fume was provided by LLP “QAZAQ Innotec”
(Almaty, Kazakhstan), and its physical and chemical characteristics were determined based on
the technical documentation supplied by the manufacturer.

Fly ash was obtained from the Pavlodar CHP-1 (Pavlodar, Kazakhstan). Fly ash is a by-
product of coal combustion and is widely used as a pozzolanic material due to its high content of
reactive aluminosilicate phases. Its chemical composition is characterized by a significant amount
of silica (SiO,), which allow it for use as an active mineral additive in cementitious and ceramic
systems (Kuldeyev et al., 2025).
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For the SEM and EDS investigations, the raw materials — clay, waste glass powder, silica
fume, and fly ash — were first finely ground and then sieved through a 200-mesh sieve to obtain
powder particles smaller than 74 pm (0.074 mm). The appearance of the raw materials used in
the study is shown in Figure 1.

(a) Was_t“u;' glass powder (b) Silica fume (c)Fly ash

Figure 1. Raw mineral additive materials used in the study
Note — compiled by the authors

The microstructural characteristics of the materials were examined using a JEOL JCM-7000
scanning electron microscope (Japan) at magnification 3000x and accelerating voltage 10kV with
a working distance of 14 mm in high-vacuum mode. Elemental composition was determined by
energy-dispersive X-ray spectroscopy (EDS) integrated with Scanning electron microscopy (SEM)
system.

RESULTS AND DISCUSSION

The microstructure and elemental composition of the investigated raw materials were
studied using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS). SEM images together with elemental mapping and EDS spectra are
presented in Figures 2-5.

3.1 Microstructure of clay, waste glass powder, silica fume and fly ash

The SEM micrograph of clay (Figure 2) reveals irregular plate-like particles forming dense
agglomerates. Such morphology is typical for natural aluminosilicate clay minerals, which
generally consist of layered crystalline structures. The particles exhibit a flaky structure and
rough surfaces, indicating the presence of fine clay platelets that tend to aggregate during drying
and grinding.

The EDS spectrum confirms that the main elements present in the clay are oxygen, silicon
and aluminum, which are characteristic components of aluminosilicate minerals. Minor amounts
of magnesium, potassium and calcium are also detected. The elemental mapping images
demonstrate a relatively uniform distribution of Al, Si, O and Mg throughout the analyzed
region, confirming the homogeneous composition of the clay material.

The observed morphology and elemental composition are consistent with typical natural
aluminosilicate clays used in ceramic production. Similar microstructural characteristics of clay
minerals and their aluminosilicate composition have been reported in previous studies
investigating raw materials for fired brick manufacturing (Ahmaruzzaman, 2010; Sutcu et al.,
2019).
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Figure 2. Clay: SEM micrograph with corresponding EDS elemental distribution maps
(Al Si, O, K) and the EDS spectrum showing the elemental composition
Note — compiled by the authors

The SEM image of waste glass powder (Figure 3) shows irregular and angular particles
with sharp edges. Such morphology is typical for mechanically crushed glass and reflects its
brittle fracture behavior. The particles appear relatively dense and smooth compared to clay
particles, which is consistent with the amorphous structure of glass.
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Figure 3. Waste glass: SEM micrograph with corresponding EDS elemental
distribution maps (O, Si) and the EDS spectrum showing the elemental composition
Note — compiled by the authors
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EDS analysis indicates that silicon and oxygen are the dominant elements in the waste glass
powder, confirming its silica-rich composition. Small amounts of sodium, calcium and
magnesium are also detected, which correspond to typical components of soda-lime glass. The
presence of these elements suggests that the material may exhibit fluxing properties during high-
temperature processing.

The irregular angular morphology and silica-rich composition of the waste glass powder
are consistent with the characteristics of mechanically crushed glass reported in previous studies.
Waste glass particles have been widely investigated as a fluxing additive in ceramic and brick
production due to their high silica content and ability to promote vitrification during firing
(Demir, 2009; Mohajerani et al., 2017; Mao et al., 2020).

The SEM micrograph of silica fume presented in Figure 4 demonstrates extremely fine
particles forming agglomerated clusters. The particles are significantly smaller than those
observed in clay and glass waste, which is characteristic of silica fume produced as a by-product
of silicon and ferrosilicon alloy production.
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Figure 4. Silica fume: SEM micrograph with corresponding EDS elemental distribution maps
(O, Si) and the EDS spectrum showing the elemental composition
Note — compiled by the authors

EDS results demonstrate that silicon and oxygen are the predominant elements in the
material, confirming the high silica content of the silica fume. Elemental mapping shows a
uniform distribution of these elements across the analyzed area. The high specific surface area
and fine particle size indicate that silica fume may exhibit high reactivity and can potentially
enhance the microstructure of ceramic materials.

The extremely fine particle size and high silicon content observed in silica fume are typical
characteristics of this industrial by-product. Previous studies have reported that silica fume can
improve the microstructure and densification of ceramic materials due to its high reactivity and
ultrafine particle size (Baspinar et al., 2010; Elmaghraby & Ismail, 2016; Kumar et al., 2021).



. ')
1-ToMm, 2-Hemip, maycbiM, 2026. EKTU JOURNAL OF
ARCHITECTURAL AND

Tom 1, Ne 2, mrons 2026. -91 - CONSTRUCTION SCIENCES
Vol.1, Issue 2, June 2026.

The SEM image of fly ash in Figure 5 reveals the presence of both spherical and irregularly
shaped particles. The spherical morphology is typical for fly ash particles formed during coal
combustion processes. Such particles are often hollow or solid microspheres that originate from
the melting and rapid cooling of mineral components in coal.

EDS analysis indicates that the main elements in fly ash are silicon, aluminum and oxygen,
which confirms its aluminosilicate nature. Minor quantities of magnesium, calcium and
potassium are also detected. Elemental mapping demonstrates that these elements are distributed
relatively uniformly across the particle surfaces.
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Figure 5. Fly ash: SEM micrograph with corresponding EDS elemental
distribution maps (O, Si, K, Al) and the EDS spectrum showing the elemental composition
Note — compiled by the authors

The spherical morphology and aluminosilicate composition observed in fly ash are
consistent with the typical characteristics of coal combustion by-products reported in the
literature. Fly ash has been widely used as a supplementary raw material in ceramic and brick
production due to its silica and alumina content and potential to improve the sintering process
(Abbas et al., 2017; Sutcu et al., 2019; Yuan et al., 2022).

The elemental composition of the investigated materials determined by EDS analysis is
presented in Table 1. The results confirm that the studied raw materials are mainly composed of
silicon and oxygen, which are characteristic elements for aluminosilicate and silica-based
materials.

Table 1. Elemental composition of the studied materials determined by EDS analysis, %

Material C ©) Mg Al Si K Ca | Na | Total
Clay 10.18 49.53 1.97 707 | 20.12 | 295 | 8.18 100
Glass 10.18 49.53 7.07 - 20.12 - 295 | 1.97 | 100
Silica fume 6.73 44.85 0.18 - 47.83 | 041 - - 100
Fly 22.58 39.46 039 | 1210 | 2275 | 1.19 | 152 - 100
Note — compiled by the authors
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The obtained results are consistent with previous studies reporting the successful
utilization of industrial by-products such as fly ash, waste glass and silica-rich materials in
ceramic production. These materials contribute to improved sintering behavior, densification and
mechanical performance of fired clay products while simultaneously reducing the consumption
of natural raw materials (Karayannis et al., 2017; Yadav et al., 2024; Yoon & Yun, 2005).

Overall, the SEM observations and EDS analysis confirm that the investigated materials
are rich in silica and aluminosilicate phases. Clay and fly ash mainly contain aluminosilicate
components, whereas waste glass powder and silica fume are characterized by a high silica
content. These characteristics indicate that the studied materials can serve as promising raw
materials and mineral additives in ceramic compositions, potentially enhancing densification and
microstructural stability during firing and contributing to the development of sustainable
ceramic construction products (Karayannis et al., 2017; Yadav et al., 2024; Yuan et al., 2022).

3.2 Practical implementation

The SEM and EDS analyses reveal that the studied materials exhibit distinct microstruc-
tural and chemical characteristics. Clay and fly ash are dominated by aluminosilicate components
(5i, Al and O), while waste glass powder and silica fume contain a high proportion of silica.

Based on the obtained microstructural and elemental analysis, the investigated materials
can be considered promising components for ceramic production. Clay can serve as the primary
aluminosilicate matrix, while fly ash may act as an additional aluminosilicate source improving
sintering behavior. Silica fume and waste glass powder, due to their high silica content and fine
particle size, may function as mineral additives that enhance densification and microstructural
stability during firing. Therefore, the use of these materials can contribute to the development of
ceramic products based on industrial by-products and recycled materials, supporting sustainable
construction practices.

CONCLUSION

The microstructural and elemental characteristics of clay, waste glass powder, silica fume,
and fly ash were investigated using scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS). The SEM analysis revealed distinct morphological features of the
studied materials. Clay particles exhibited irregular plate-like structures typical of
aluminosilicate minerals, while waste glass powder showed angular fractured particles. Silica
fume consisted of extremely fine agglomerated particles, whereas fly ash contained both spherical
and irregular particles characteristic of coal combustion products.

The EDS results confirmed that silicon and oxygen are the dominant elements in all
investigated materials, while aluminum, magnesium, potassium, and calcium were detected in
smaller amounts. The obtained results indicate that the studied materials are rich in silica and
aluminosilicate components.

Overall, the investigated materials can be considered promising raw materials and mineral
additives for ceramic compositions. Their chemical composition and microstructural
characteristics may contribute to improved sintering behavior and the development of
sustainable ceramic construction materials.
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