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Abstract. The utilization of clay raw materials in combination with industrial by-products, such
as phosphorus slag and waste glass, offers an effective approach to expanding the raw material base
of ceramic production, reducing environmental impacts, and improving the efficiency of natural re-
source utilization. This study evaluates the feasibility of using medium-plastic loam from the Sarykemer
deposit, granulated phosphorus slag, and ground waste glass in the production of building ceramics
and determines the optimal ceramic mass composition to achieve enhanced physical and mechanical
properties. The chemical and mineralogical compositions of the raw materials and their influence on
the properties of the ceramic body were investigated. Experimental specimens with different compo-
nent proportions were prepared at a molding moisture content of 20%, followed by drying and firing
at temperatures ranging from 900 to 1050 °C. The optimum firing temperature was determined based
on the degree of sintering observed on the fracture surface and the physical and mechanical properties
of the fired specimens. The optimal ceramic composition was found to consist of 80% loam, 15% phos-
phorus slag, and 5% ground waste glass. The incorporation of these additives enhanced the sintering
process, promoted the formation of a dense ceramic body, and improved the physical and mechanical
properties of the material. Specimens fired at the optimum temperature of 1000 °C exhibited a com-
pressive strength of at least 20 MPa. The obtained results demonstrate the effectiveness of utilizing
local mineral resources and industrial by-products from the Zhambyl region for the production of wall
ceramics, enabling the manufacture of high-quality ceramic materials with improved performance,
reduced consumption of natural raw materials, and enhanced environmental sustainability of the pro-
duction process.
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Anparna. Casz wuxizamolt, Gocghop Kodicbl JicaHe dUHEK CbIHbI2bl MIpPI30i OHEPKICINMIK
Kanovlkmapmen Oipee nauoaramy Kepamuka eHOIpICiniy wuxizam 6a3acvli Keyeuniyae, 3K0A02USIbIK
JICyKmeMeni azaumyea Jxcate maobuzu pecypcmapovl NAUOALAHy MuiMOiiein apmmoslpyea MyMKIHOIK
bepedi. JKymvicma Kypolivic kepamuxacvii oHOipy yutin "Capvikemep" ke opuwiibly unemoiniei
opmauia caz0azvlt, myuipuikmi (pocghop KodCviH Jcane YHMAaKmaneam dUHeK ColHbIKMAPbIH KOIOAHY
MYMKIHOI2T Oaeananobvl, coHOal-ax OYUbIMOapObll HCO2APbL (PUIUKA-MEXAHUKATBIK KACUECMMEDIH
KaMmamacwlz ememin KepamuKaIblK MACCaubly OHMAIIbl KYypambl aublKmanovl. bacmaniw
WUKI3AMMbIY, — XUMUSIBIK-MUHEPATOSUSILIK,  KYPAMbl  JICOHE OHbIY KePaAMUKATLIK —MACCAHbIY
Kacuemmepine acepi 3epmmenoi. 900-1050 °C memnepamypaoa kenmipinzeen dxcane Kyuoipineen 20%
Kanvinmay bli2alo0bLIbIRbIHOA apMYpii KoMHnoHewmmepi Oap yreinep ocacanovi. Kepamukanvix
Maccanvly oymaiinvl Kypamvina 80% cazoax, 15% gocgop xoorcol scone 5% ynmaxmanzan atiHex
CbIHbIEbl KipemiHi aubikmanovl. Byn Kocnanaposl eHeisy ceHmeKmeny npoyecmepin Kyuietimyee,
Kepamuxanblk OeHeHil Mblabl3 KYPbLIbIMbIH KATLINMACbIPYA HCIHE MAMepudiobly usuUKaibiK-
MEXAHUKATLIK, CUNAMMAMAanapuln sxcakcapmyea komexmeceoi. Oymaiiiot 1000 °C memnepamypada
Kyuoipineen yacinep kem Oezcende 20 Mlla coievim Oepikmicimen cunammanaovi. AnviHeaw
HamudHceNep HCAKCapmulidan Naudaiany Kacuemmepi 6ap canaivl KepamuKaiblk Mamepuaioaposl
anyosl, maduey WUKI3am Wvl2bIHbIH A3atmyobl HCaHe OHOIPICMIY IKONIOSUSNBLIBIEbIH aPMMbLPyObl
KamMmamacsl3 eme omulpbln, KaOblpea Kepamuxkacolin 6HOIpy yYulin Kambbin 061blCbIHbIH Jtcepinikmi
MUHEPANIObIK WUKI3AMbL MEH OHEPKICINMIK KALObIKMAPbIH NAUOANAHYObIH MUIMOLTIZIH pacmauiobl.

Tyiiin ce3nep: gocgop Kodxcoapei, alinex coiHaymapwl, pecypcmapovl YHEMOEY, ayanblk W2,
Mblebl30blK, Oepikmik, KaloblKmapobl Kadeze Hcapamy.
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AHHoOTanus. Mcnonv3oeanue 2IUHUCTIIOZO CIPbI 8 COYEMAHUU C NPOMBIULTEHHBIMU OMX00AMU,
maxumu Kax oc@opHuvlil uinax u cmexioool, no380asem PACUUPUMSb CbIPbLEBYIO 0A3Y Kepamuiecko2o
npoU3B00CMEd, CHUSUMb IKOLOSUYECKYIO HAZPY3KY U NOBBICUMb IPOEKMUSHOCHb UCHOIb306AHUS
npupooHsIX pecypcos. B pabome oyenena 603mosicHocmes npumeneHusi CpeOHeNnIACUYHO20 CYIUHKA
Mmecmopooicoenus « Capvikemepy, Spanyiupo8aHHo20 Goceoproco wiaka u Moromo2o Cmekiobos Ois
npoU300CMEa CIMpPOUMENTbHOU KEPAMUKY, a MaKice onpedesen ONMUMAIbHbIL COCIMAE KepamuiecKkol
maccwl, obecneuugarouull 8bICoOKUe puzUKo-mexanuieckue ceotcmea uzdenuil. Mcciedosanvl Xumuro-
MUHEPATOSUYECKULl COCMAB UCXOOHO20 CbIPbsl U €20 GIUsAHUe HA CBOUCMEA KepamMudecKkol Maccul.
Hz2omoenenvt onvimubie 00pasybl ¢ PATUYHBIM COOEPICAHUEM KOMNOHEHMO8 Npu (HopmosouHol
enasicHocmu 20%, gvicyuiennvle u 0ooxcocennvle npu memnepamypax 900—1050 °C. Onmumansuyro
memnepamypy obocuea onpeoensiiu no CMeneHu CNeKaHus 6 uziome oOpazyos U NOKA3amensiM ux
PUBUKO-MEXAHUYECKUX CBOUCMS. YCMAHOBIEHO, YMO ONMUMALLHII COCMAG KepaMU4ecKol MAacchl
sxntouaem 80% cyenunka, 15% gocpoprozco uinara u 5% monomoeo cmexnobos. BeedeHue yKazaHHbix
000asoK cnocobcmeyem UHMeHCUDUKayuy npoyecco8 Cchnekauus, @opMuposanuo NniIOMHOU
CMPYKMYPbl  KepaMu4ecko2o 4Yepenka U VIy4ueHuro Qu3uKo-mMexaHuyeckux Xapakmepucmuk
mamepuana. Obpasysi, 000xcxHcenHvle npu onmumansHou memnepamype 1000 °C, xapaxmepu3zyromcs
npounocmvio Ha cocamue ne menee 20 Mlla. Ilonyuennvie pezynvmamvl NOOMBEEPIHCOAIOM
ahexmusHoCmb  UCNONBL30BAHUSL MECHO20 MUHEPATbHO2O CblPbsi U NPOMBIULIEHHBIX OMX0008
Kambviickoi  obracmu 018  NPouU3800CMEaA CMEHOB0U  KepaMuku, o0becneyusas noayyeHue
KAUeCmEeHHbIX KEePAMUYECKUX MAMEPUANO8 C VIYUUICHHLIMU IKCIIYAMAYUOHHBIMU CEOUCMBAMU,
CHUDICEHUE PACX00d NPUPOOHO2O CbIPbSL U NOGLIUUEHUE IKOTOSUYHOCU NPOU3BO0CEA.

KuaroueBble cnoBa: ¢pocgopusiii winak, Oou cmexia, pecypcocoepedicerue, 6030YUiHAA YCAOKd,
NJIOMHOCHb, NPOYHOCMb, YIMUIU3AYUSL OMX0008.
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1 INTRODUCTION

The modern development of the construction industry requires the expansion of the raw
material base and the implementation of resource-saving technologies for manufacturing construction
materials. One of the promising approaches involves the use of local mineral raw materials and
technogenic additives for obtaining efficient ceramic materials with specified performance
characteristics. Under conditions of increasing construction volumes, particular importance is
attached to reducing production costs, rational utilization of natural resources, and minimizing
environmental impact.

In recent years, significant attention has been focused on expanding the raw material base of
the ceramic industry in Kazakhstan through the use of local clay resources and various modifying
additives. Research has shown that the physicomechanical properties of ceramic materials can be
controlled and optimized by introducing natural and industrial by-product components [1-5].

The Zhambyl Region possesses substantial reserves of mineral raw materials suitable for the
production of building ceramics. Deposits of clays, loams, quartz sands, and other silicate-containing
materials are widespread throughout the region and may serve as a basis for manufacturing ceramic
bricks and wall products. At the same time, many types of local raw materials remain insufficiently
studied with regard to their technological properties and the possibilities for their integrated use in
ceramic production.

The use of regional raw material resources makes it possible to reduce transportation costs,
improve the economic efficiency of production, and promote the development of local industry.

Additional interest is associated with the utilization of industrial mineral waste, which
contributes to the rational use of natural resources and reduction of waste accumulation. Mineral
waste also makes it possible to regulate the plasticity of molding bodies, reduce shrinkage, improve
drying and firing processes, and form an optimal ceramic microstructure with enhanced strength
characteristics while simultaneously reducing density and energy consumption during production.

Significant quantities of waste are generated during the production of phosphorus-containing
products. One such waste material is phosphorus slag, which represents a large-tonnage by-product
of the electrothermal phosphorus production process. In Kazakhstan, predominantly within the
territory of the Zhambyl Region, enormous amounts of phosphorus industry waste have accumulated,
amounting to tens of millions of tons. More than 10 million tons of phosphorus slag have been
accumulated in the country [6,7].

The accumulation of phosphorus slag in waste dumps of the Zhambyl Region leads to the
occupation of extensive land areas, environmental pollution, and deterioration of the ecological
situation.

[8] presented averaged results of the chemical analysis of various phosphorus industry wastes
from the Zhambyl Region. The main components were calcium and silicon oxides, while aluminum
and iron oxides were also present in most waste materials. The presence of these oxides determines
the hydration properties of raw materials used for the production of binding materials in construction
and plays an important role in the technology of obtaining construction mixtures, including Portland
cement, alumina cement, glass, fine ceramics, and other materials.

The results reported by [9] also demonstrate that the chemical composition of phosphorus slag
mainly includes calcium oxide (CaO), silicon dioxide (SiO), and aluminum oxide (Al>O3), and that
the material possesses a glassy structure with high thermal resistance. This allows phosphorus slag to
be considered a promising raw material for manufacturing various types of construction materials.

Currently, practical experience exists regarding the use of phosphorus slag in the production of
ceramic materials. Numerous researchers have demonstrated the effectiveness of phosphorus slag as
an additive that reduces shrinkage, regulates firing temperature, and affects the structure formation
processes of the ceramic body.

[10,11] demonstrated that the addition of phosphorus slag in amounts up to 20% promotes the
crystallization of pseudowollastonite and larnite during brick firing, thereby providing a reinforcing
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effect, limiting drying and firing shrinkage, increasing the mechanical strength of ceramics, and
significantly reducing the tendency of products to crack formation. Further increase in phosphorus
slag content up to 30% reduces the plasticity of the ceramic body and, consequently, the binding
capacity of the clay component, resulting in crack formation on the brick surface.

Phosphorus slag was also used for the production of wollastonite glass-ceramics [12]. It was
established that the interaction between glass powder and graphite results in the formation of large
pores with a uniform distribution during the production of foam glass-ceramics at a foaming
temperature of 1000°C. In this case, porosity reached approximately 80%. The results demonstrated
that wollastonite was the predominant crystalline phase, whereas the high compressive strength was
attributed to glass crystallization during sintering.

Ceramic body compositions for the production of ceramic bricks were developed using
phosphorus slag as a lean additive, ash-slag material containing more than 15% organic matter as a
combustible additive and sintering intensifier. Ceramic brick with strength grade M200 was obtained
at a firing temperature of 1050°C. It was noted that phosphorus slag can replace expensive natural
wollastonite, which reduces the shrinkage of ceramic materials and promotes more uniform pore
distribution within the specimen [13].

In studies conducted by researchers of M.Kh. Dulaty Taraz Regional University, a
nanostructured composition based on phosphorus slag and bentonite clay used as a binder in an
amount of 25% achieved a compressive strength of 27.1 MPa. With an increase in binder content
from 25% to 40%, the sintering effect intensified, and the compressive strength of the specimens
reached 54.3 MPa. The reported results indicate that the most intensive sintering and formation of
dense structures in coarse-grained compositions containing high-calcium phosphorus slag occur at a
binder content of 40-60%. The optimal technological parameters include a firing temperature of
1050-1100°C, pressing pressure of 20-25 MPa, and moisture content of the press powder of 7-8%
[14].

[15] used conventional ceramic technology for brick production. Ceramic specimens prepared
from a plastic body with molding moisture content of 22-24% and an optimal raw material
composition consisting of bentonite clay (50%), phosphorus slag (35%), and ash-slag mixture (15%),
ground to pass through a 1 mm sieve, were fired at 1000°C. It was established that reducing the
plasticity index from 25 to 8 while increasing the content of lean additives from 25% to 50% made it
possible to obtain brick of strength grade M125, whereas the use of 25% lean additives resulted in
brick of only grade M75.

One of the most difficult industrial wastes to utilize is waste glass. It is resistant to the effects
of water and atmospheric factors such as precipitation, sunlight, and temperature fluctuations, and it
is not decomposed by organic, mineral, or biologically active agents. The accumulation of such waste
at glass manufacturing plants is relatively insignificant, since most defective products are returned to
the melt as fluxing agents. However, the quantity of waste glass generated as consumer waste
represents a serious environmental problem [16,17].

The utilization of waste glass and the investigation of physicomechanical properties of ceramic
materials have been addressed in the works [18,19,20].

The reported research findings demonstrate that waste glass additives may be used as fluxing-
strengthening components forming a glassy phase during firing and reducing the temperature of
liquid-phase sintering, thereby enabling the production of ceramic materials with favorable physical,
mechanical, and thermal properties. In turn, the glassy phase acts as a binder within the material
volume owing to vitrification of ceramic particle surfaces and their integration into a durable
framework.

Thus, an analysis of the published studies indicates that the use of phosphorus slag and waste
glass in the production of building ceramics has been investigated mainly separately or in
combination with other types of clay raw materials. However, there is a lack of systematic data on
the feasibility of the integrated utilization of clay raw materials, phosphorus slag, and waste glass
within a single ceramic composition, as well as on the effect of their combined application on
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sintering processes, shrinkage behavior, and strength characteristics of building ceramics. In addition,
the optimal proportions of these components and firing regimes required to obtain products with the
desired performance properties remain insufficiently studied.

The scientific novelty of this work lies in the experimental substantiation of the possibility of
the integrated utilization of local loam from the Sarykemer deposit, granulated phosphorus slag, and
waste glass for the production of building ceramics with improved physicomechanical properties. For
the first time, rational ceramic body compositions and technological production parameters have been
determined for the investigated raw material system, ensuring the formation of a dense ceramic
microstructure at a firing temperature of 1000 °C. It was established that the incorporation of 15 wt.%
phosphorus slag and 5 wt.% waste glass reduces drying shrinkage to 0.6%, intensifies sintering
processes, and provides a compressive strength exceeding 20 MPa. New data were obtained on the
combined effect of phosphorus slag and waste glass on the structure formation and properties of
ceramic materials based on raw materials from the Zhambyl region.

The practical significance of the work lies in the development of a ceramic body composition
suitable for the production of wall ceramic materials using local mineral resources and industrial
waste generated in the region. The proposed solution makes it possible to expand the raw material
base of ceramic manufacturing enterprises, reduce the consumption of natural resources, and promote
the utilization of large-tonnage phosphorus industry waste and waste glass. The results of the study
can be applied in the development of resource-efficient technologies for the production of ceramic
bricks and other wall products at industrial enterprises in Kazakhstan.

2 MATERIALS AND METHODS

As the main raw material for obtaining construction ceramics, loams from the "Sarykemer”
(formerly Mikhaylovskoye) deposit located in the Zhambyl region were used, while granulated
phosphorus slag (GPS) from the “Kazphosphate” plant, also located in the Zhambyl region, was used
as a thinning additive. The “Sarykemer” deposit is represented by a bedded loam formation with a
plasticity index of 7-12.4 (average value 8.5). The main clay component of the loam is up to 12%
montmorillonite occurring in the form of mixed-layer formations with hydromica and kaolinite,
which was confirmed by thermal analysis of the loam performed using a Q-1500D derivatograph.
During heating of the loam, endothermic effects were recorded on the DTA curve at 140, 560, and
860 °C, corresponding to the removal of adsorption, interlayer, and constitutional water of clay
minerals (Figure 1).

A pronounced endothermic effect associated with the removal of absorbed water was observed
at 140 °C, while the step detected on the curve at 220 °C indicates the removal of interpacket water.
The second effect (550-580 °C) corresponds to the removal of constitutional water (bound in the form
of OH groups), which is characteristic of montmorillonite. The layered structure remains stable up to
temperatures above 800 °C.

206
https://doi.org/10.51488/1680-080X/2026.2-11


https://doi.org/10.51488/1680-080X/2026.2-11

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne2 (100), 2026. Architecture & Construction

A

o
X
Ll
2]
€
3
®
S
< | - .
= i 560 °C :
o H : H

1 i i

: Remavalof i Layered structure
! interlayer water ! s
140 °C 1 remains stable up to
o ! Removal of 800 °C and above
‘g . constitutional water
L \ Removal of (OH groups)
absorbed water
r T T T T T 1
0 200 400 600 800 1000 1200

Temperature, °C

Figure 1 — Thermogram of loam from the “Sarykemer” deposit [Authors’ material]

The components were selected taking into account their chemical and mineralogical
composition (Tables 1 and 2), plasticity, and influence on the forming and firing processes.

Table 1 - Mineralogical composition of loam [Authors’ material]

Clay minerals Quartz Feldspar Carbonates Iron oxides
25-30 5-10 45 5-10 5

Table 2 - Chemical composition of loam and phosphorus slag [Authors’ material]

Oxide content, wt.%

Raw material name S Q Q o Q e S Q Og o: w
2 < i = © = » = pd o

“Sarykemer” loam 5291 1151 445 055 1048 286 025 0.93 - 0.18 -

Phosphorus slag 42.5 3.1 0.4 - 45.4 2.1 0.6 - 0.67 1.5 1.0

The chemical (oxide) composition of the mineral raw materials was determined using X-ray
fluorescence analysis (XRF). The particle size distribution of the raw materials was determined by

sieve analysis (Table 3, 4).
The phase composition of phosphorus slag is represented by glass of the pseudowollastonite

mineral. The average density was — 1100-1200 kg/m?.
The microstructure of the ceramic specimens was investigated using scanning electron

microscopy (SEM).

Table 3 - Particle size distribution of loam [Authors’ material]

Fraction, mm 0.5-0.01 0.01-0.001 Less than 0.001 More than 0.5
Content, % 66.85 22.05 11.4 7.23
207
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Quartz sand and waste glass were used to adjust the composition of the ceramic body. In the
Zhambyl Region, waste glass (cullet and glass containers) is collected by specialized recycling
centers mainly located in Taraz and district centers, including the village of Sarykemer. Waste glass
recycling makes it possible to process the material into new glass containers or building materials.

The clay raw material was preliminarily dried to an air-dry condition and crushed followed by
sieving through a 2.5 mm mesh sieve. Phosphorus slag, quartz sand, and waste glass were ground and
sieved to a particle size below 1 mm.

The components were dosed by weight and thoroughly mixed until a homogeneous body was
obtained. After dry mixing, water was gradually added to the mixture until the required molding
moisture content was achieved. Specimens in the form of cubes measuring 2x2x2 c¢cm and cylindrical
specimens measuring 5x5 cm were produced from the prepared ceramic body by the plastic molding
method. Molding was carried out manually.

The molded specimens were dried in a drying oven at a temperature of 105 + 5°C until constant
weight was achieved. During drying, changes in specimen weight, air shrinkage, and drying
sensitivity coefficient were determined. The dried specimens were fired in a laboratory muffle
furnace. Firing was carried out at temperatures of 900, 950, 1000, and 1050°C. Holding time at the
maximum temperature was 45-60 min for specimens measuring 2x2x2 cm and 1-2 h for cylindrical
specimens measuring 5x5 cm. The optimal firing temperature and holding time were determined
based on the uniformity of sintering observed in the fracture surface of the products and the
physicomechanical properties of the final ceramic material.

After completion of firing, the specimens were cooled inside the furnace to room temperature.

The compressive strength of ceramic specimens was determined by uniaxial compression
testing using a hydraulic press. The tests were carried out in accordance with the requirements of
current standards for wall ceramics.

The determination of clay plasticity and drying properties of the specimens, including air
shrinkage and drying sensitivity, was performed in accordance with GOST 21216-2014 “Clay Raw
Materials. Testing Methods”. Air shrinkage was determined by measuring the linear dimensions of
plate specimens measuring 100x100x10 mm after molding and after drying. Drying sensitivity was
determined on identical specimens using the accelerated Chizhsky method.

All experimental studies were conducted on at least three parallel specimens. The obtained
results were averaged, after which relationships between specimen properties, ceramic body
composition, and firing temperature were established.

3 RESULTS AND DISCUSSION

Based on the conducted investigations, the possibility of using mineral raw materials from the
Zhambyl Region for the production of building ceramics with improved performance characteristics
was evaluated.

In order to obtain high-quality ceramic products based on clays of various chemical and
mineralogical compositions, it is desirable that the ceramic body composition ensures the formation
of a sufficient amount of liquid phase. One of the approaches to achieving a sufficient liquid phase
content consists in introducing fluxing agents into the ceramic body.

In the present study, phosphorus slag containing a significant amount of silica oxides also acted
as a fluxing component reducing the firing temperature of ceramic products.

Initially, experimental ceramic body compositions with phosphorus slag content varying from
0 to 15% were tested.

The conducted investigations demonstrated that the incorporation of phosphorus slag into
ceramic body compositions promotes the production of high-strength ceramic brick with compressive
strength reaching 26.3 MPa. The optimal composition was determined to contain 85 wt.% loam and
15 wt.% phosphorus slag. A significant decrease in air shrinkage was observed with increasing
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phosphorus slag content, from 5.8% for pure loam to 0.5%. The optimal firing temperature was
established as 1000°C, ensuring high strength characteristics.

Molding moisture content exerts a certain influence on both technological processes and the
properties of the semi-finished product. In this regard, investigation of the green strength of the semi-
finished product as a function of moisture content made it possible to determine the optimal molding
moisture content for the batch corresponding to the optimal composition (loam:phosphorus slag =
85:15), which should not exceed 21.3%. Variation in compressive strength depending on the
composition of the “loam—phosphorus slag” ceramic body is shown in Figure 2.

26.3

239

100-0 95-5 90-10 85-15

@900°C @950°C 1000°C m1050°C

Figure 2 — Variation of compressive strength depending on the composition of the “loam—phosphorus slag” ceramic
body [Authors’ material]

In order to reduce energy consumption and firing temperature, compositions containing finely
ground waste glass and quartz sand were also investigated. However, the addition of sand to the
mixture did not provide the desired results (Table 5).

Table 5 - Physicomechanical properties of ceramic specimens based on the clay—phosphorus slag—sand composition at
different ratios [Authors’ material]

= = o . ® T S ¢ Properties of specimens fired at
s § £F o2 cp.> § 35 1000°C;
] S oo n 'S SS55Q = (S . )
o2 8:=85s SE 2 SBeSs =X o Compressive strength, water
gz ES 23 o2 E 2939 5 &2 absorption, and average densit
S S ® = SECQ % 52 puon, g y
8 O &g & s = > 5
=} — < < T
Res, MPa W, % p, g/lem?
1 80:15:5 0.31 19.25 0.4 1.74 6.25 16.4 1.70
2 78:15:7 0.23 18.00 0.3 1.49 4.46 15.2 1.6

As a result of analyzing changes in the physicomechanical properties of ceramic compositions
within the “composition—temperature” system, optimal ratios of the constituent components were
identified, at which minimum firing shrinkage and bulk density values, as well as maximum strength
characteristics, were achieved. At the same time, water absorption satisfied standard requirements.
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These conditions correspond to compositions with the following limiting concentrations of the
constituent components: loam 85-80% and phosphorus slag 10-15%.

The optimal firing temperature when using waste glass was 1000°C, at which the compressive
strength of the products reached 21.39 MPa. The addition of 5% finely ground waste glass made it
possible to obtain specimens retaining their original color while maintaining high strength
characteristics. Air shrinkage and drying sensitivity changed insignificantly; however, the
compressive strength of the specimens decreased compared with compositions containing only clay
and slag. Nevertheless, waste glass may be used for additional reduction of firing temperature, i.e.,
as a fluxing additive, as well as for waste utilization purposes. The results are presented in Table 6.

Table 6 - Physicomechanical properties of ceramic specimens based on the clay-slag—glass composition at different ratios
[Authors’ material]

Properties of specimens at firing temperature: compressive

g % i *E’ % Tg o\° S T strength, water absorption, and average density
s =& = 28 B £9 900°C 1000°C
i = (@)
g 23 g ESsZ S 5
o)~ .=

g X 2 s 5 52 R woop P R W P

> = - = = (3] ’ 3 ’ 3
S 8 5 E § § 3 IS MPa g/lcm MPa g/lcm
1 87:10:3 0.52 194 0.7 1.77 9 16.4 1.52 19.07 15.2 1.60
2 82:15:3 0.27 18.8 0.5 1.71 15.98 18.1 1.60 18.6 15.9 1.6

3 85:10:5 0.61 20.5 0.9 1.9 7.73 171 161 20.09 16.1 1.67

4 80:15:5 0.36 20.0 0.6 1.85 154 18.7 1.58 21.4 17.2 1.74

5 83:10:7 0.40 18.3 0.6 1.54 11.08 16.9 1.59 15.98 17.1 1.73

6 78:15:7 0.22 18 0.4 1.59 12.36 17.2 1.42 16.74 16.5 1.62

The increase in the strength of the ceramic material with the addition of phosphorus slag is
attributed to its high content of calcium and silicon oxides. At firing temperatures of approximately
1000 °C, these oxides participate in the formation of a liquid phase, which enhances the sintering
process and increases the density of the ceramic body. Waste glass acts as a flux due to its relatively
low softening temperature. During firing, the glass particles partially soften and melt, resulting in the
formation of a glassy phase. This glassy phase reduces the open porosity and promotes the
development of a denser microstructure. The combined use of phosphorus slag and waste glass
produces a synergistic effect through the simultaneous formation of a liquid phase and enhanced mass
transport during sintering. As a result, a denser ceramic matrix with improved interparticle bonding
is formed, which is confirmed by the microstructural observations obtained using scanning electron
microscopy (SEM).
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Figure 3 — SEM micrographs of ceramic specimens with different compositions (magnification x1000; scale
bar: 20 pm): (a) 100% loam; (b) 85% loam + 15% phosphorus slag; (c) 80% loam + 15% phosphorus slag + 5% waste
glass. [Authors’ material]

The microstructure of the control specimen prepared solely from loam without mineral modi-
fying additives (Figure 3a) is characterized by a heterogeneous ceramic matrix with pronounced open
porosity. The surface consists of aggregates of sintered clay particles separated by intergranular voids
and pores of predominantly rounded and irregular shapes, ranging in size from approximately 2 to 20
um. The interparticle contacts are not fully developed, indicating a relatively low degree of sintering.
The glassy phase is virtually absent, resulting in a rougher microstructure and a less densely packed
ceramic matrix.

Compared with the control specimen, the incorporation of 15% phosphorus slag leads to the
formation of a denser and more homogeneous ceramic matrix (Figure 3b). The microstructure con-
tains bright angular inclusions corresponding to phosphorus slag particles, which are uniformly dis-
tributed throughout the material. More developed interparticle contacts are observed, while localized
glassy regions contribute to particle bonding and structural densification. The pores are predomi-
nantly irregular in shape and more uniformly distributed, whereas both their number and size decrease
due to the enhanced sintering process. These microstructural features indicate that phosphorus slag
promotes the formation of a denser ceramic structure with improved interparticle bonding.

The SEM micrograph of the ceramic specimen containing 80% loam, 15% phosphorus slag,
and 5% waste glass (Figure 3c) demonstrates effective densification while maintaining limited open
porosity. The dense heterogeneous ceramic matrix is mainly formed by loam particles. A partially
melted glassy phase, generated from the melting of waste glass during firing, is observed between the
grains, promoting particle bonding and increasing the overall density of the structure. Rounded and
elongated pores, approximately 2—20 um in size, are uniformly distributed throughout the material.
Bright angular inclusions correspond to phosphorus slag particles, exhibiting enhanced contrast due
to differences in the average atomic number. The glassy phase filling the intergranular space provides
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strong interparticle bonding, whereas the residual porosity indicates that the sintering process has not
been completed entirely. The observed microstructure is characteristic of ceramic materials contain-
ing both a glass-forming additive and a mineral modifier and demonstrates the beneficial effect of
waste glass on the densification of the ceramic body.

The results of the visual examination of ceramic specimens with different compositions after
firing at 1000 °C (Figure 4) are consistent with the SEM observations. The control specimen exhibits
a heterogeneous porous structure with relatively large open pores. The addition of phosphorus slag
reduces the porosity and promotes the formation of a denser ceramic body. The combined incorpora-
tion of phosphorus slag and waste glass further enhances the sintering process, resulting in a more
compact microstructure, which is indirectly confirmed by the increased mechanical strength and re-
duced water absorption of the ceramic specimens.

Figure 4 — Ceramic samples of various compositions after firing ((a) 100% loam), (b) 85% loam + 15% phosphorus
slag, (c) 80% loam + 15% phosphorus slag + 5% glass cullet) [Authors’ material]

Table 7 - Comparison of Physicomechanical Properties with the Requirements of GOST 530-2012 [Authors’ material]

Requirements for Ceramic Brick

Property Obtained Values According to GOST 530-2012
Compressive strength 18,6-21,4 MPa Not less than 15 MPa
Water absorption 15,2-17,2 % 6-20 %
Bulk density 1,60-1,74 glom® Corresponds to conditionally efficient wall

ceramics

As shown in Table 7, the obtained compressive strength values (up to 21.4 MPa) comply with
the requirements for M150-M200 grade wall ceramics according to GOST 530-2012. The obtained
results are consistent with the findings of Montayev et al. [3], who reported a positive effect of mineral
corrective additives on sintering processes and the formation of the ceramic body structure. Similar
trends have also been observed when using ash-and-slag waste in ceramic compositions [4].

Compared with the results reported by Suleimenov [14], where compressive strength values of
27.1-54.3 MPa were achieved through the use of high concentrations of phosphorus slag and pressure
molding, the developed compositions are characterized by a simpler manufacturing process and a
lower firing temperature. The obtained results are also consistent with findings reported by other
researchers, who have noted the beneficial effects of phosphorus slag and waste glass on sintering
processes and the enhancement of the mechanical strength of ceramic materials.
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4 CONCLUSIONS

The possibility of using mineral raw materials from the Zhambyl Region for the production of
building ceramics was investigated, and the influence of ceramic body composition on the
physicomechanical properties of the obtained products was studied.

1. The loam from the «Sarykemer» deposit may be used as the principal clay component for
the production of ceramic products owing to its physicomechanical properties.

2. The montmorillonite content in the loam promotes brick sintering processes at firing
temperatures of 1000-1050°C.

3. Phosphorus slag may replace expensive natural wollastonite, which reduces the shrinkage of
ceramic materials and, consequently, decreases product deformation.

4. The optimal compositions for ceramic brick production are the following, wt.%: loam — 85,
phosphorus slag — 15; and loam — 80, phosphorus slag — 15, waste glass — 5.

5. The introduction of phosphorus slag into ceramic body compositions significantly improves
the physicomechanical properties of brick at a firing temperature of 1000°C (26.3 MPa), reduces
shrinkage, and decreases the probability of crack formation.

6. The addition of 5% finely ground waste glass makes it possible to obtain specimens retaining
their original color while maintaining high compressive strength values (Rc = 21.39 MPa) at a firing
temperature of 1000°C. Excessive amounts of waste glass may cause deformation of products during
firing.

7. The introduction of phosphorus slag and glass cullet contributes to the formation of a denser
and more homogeneous structure of the ceramic material, reducing the number of defects due to the
formation of a glassy phase, which positively affects the physical and mechanical properties of
ceramics.

8. Phosphorus slag and waste glass may be used both for reducing firing temperature, i.e., as
fluxing additives, and for addressing environmental problems associated with waste utilization.

9. The developed composition can be recommended for the production of wall ceramic
materials at relatively low firing temperatures (950-1000 °C).

10. Future research will focus on evaluating the influence of the particle size distribution of the
batch components on the microstructure and performance characteristics of the ceramic materials.
Particular attention will be paid to frost resistance testing, which is considered one of the key
indicators of the long-term durability of structural ceramic products.
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