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Porcelain is a non-porous, vitrified ceramic material characterized by a white, fine-grained, and often semi-transparent body.
Its superior toughness, strength, and translucency compared to other ceramic types are primarily attributed to the vitrification
process and the formation of mullite phases within the body. Fly ash is a by-product collected by electrostatic precipitators
in coal-fired power plants. Due to its rich elemental composition and often alkaline nature, fly ash is commonly utilized as
an additive in the production of various ceramic materials. In this study, the effects of fly ash from different thermal power
plants—Catalagzi-Zonguldak (CAT), Cayirhan-Ankara (CAY), Kangal-Sivas (KAN), and Afsin-Elbistan A (AFS)—on the
properties of porcelain bodies were investigated. To this end, commercial porcelain bodies were modified by incorporating
0%, 15%, and 30% fly ash by weight into the compositions. The powder mixtures were homogenized by ball milling at 75
rpm for 24 hours and then shaped via uniaxial dry pressing at 100 MPa. The pressed samples were subsequently fired at
temperatures ranging from 1050 °C to 1150 °C for 1 hour. Comprehensive analyses were conducted on the resulting porcelain
bodies, including microstructural evaluation (SEM), phase analysis (XRD), mechanical testing (three-point bending), and
assessments of various physical properties such as color, linear shrinkage, water absorption, apparent porosity, and bulk
density. Among the tested samples, the composition containing 15 wt.% CAT fly ash and fired at 1150 °C exhibited the best
performance, with a compressive strength of 20.58 MPa and a water absorption rate below 0.5%. The results suggest that
selected fly ash types can enhance porcelain properties while supporting waste valorization.

Keywords: Porcelain, Fly ash, Ceramic properties, Waste valorization, Sintering behavior.

Introduction the porcelain. For instance, eutectic melting begins at
approximately 990 °C for potash feldspar and around
Porcelain is a traditional ceramic material widely 1050 °C for soda feldspar. Developing a continuous
utilized in household applications and scientific and glassy matrix typically occurs between 1200 and
engineering fields. Its key technological attributes 1400 °C [8,9]. Quartz dissolution becomes significant
include high mechanical strength, low water absorption, at temperatures above 1200 °C and increases with both
translucency, and long-term durability [1-4]. Typically, temperature and dwell time, regardless of the heating
porcelain bodies are composed of clay, feldspar, quartz, rate [7,10-13]. Numerous studies have examined the
and other additives to achieve desired performance influence of pure oxides such as MgO and TiO: and
characteristics [1,2]. Clay imparts plasticity during industrial by-products like fly ash and ceramic waste on
shaping, while feldspar acts as a fluxing agent, promoting the properties of porcelain bodies [14—18].
glass phase formation by reacting with the amorphous Fly ash is a by-product produced during the combustion
silica in clay and lowering the sintering temperature. The of coal in thermal power plants [19,20]. Its physical and
final sintered porcelain body predominantly consists of chemical characteristics vary based on the origin of the
mullite, glassy phases, and quartz [1,3,5]. coal and the combustion process used at the power plant
Mullite begins to form when porcelain is fired above [21]. Fly ash is an inorganic material with a particle size
1100 °C and remains stable within the temperature range generally smaller than 100 um.
of 1200-1400 °C [6-8]. The formation of a viscous The physical properties of fly ash include fineness
glass phase also occurs within this range, with the onset (particle size), particle shape, specific surface area, and
temperature depending on the chemical composition of specific gravity. It primarily comprises fine spherical
particles but may also contain irregular, angular
*Corresponding author: fragments. Particle size distribution depends on the coal
g;l( 128334466241%710106050/ 1689 source and is commonly determined using dry and wet
E-mail: hlykursun@gmail.com / hkursun@cumhuriyet.edu.tr sieving techniques. Various analytical methods—such as
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X-ray micrography, laser particle size analysis, Coulter
counter, Brunauer—-Emmett-Teller (BET) surface area
measurement, and the Blaine technique—are employed
to assess surface area and particle size characteristics
[21-26]. The specific gravity of fly ash can vary
significantly among sources [27]. Chemically, fly ash
predominantly contains silica, alumina, iron, calcium,
magnesium, sulfur, carbon, titanium, and trace elements.
It is produced through pulverized coal combustion at
temperatures near 1200 °C and collected via electrostatic
precipitators installed in power plant chimneys [28,29].

Numerous researchers have highlighted the key areas
for fly ash utilization. Prominent applications include its
use in the construction sector for producing bricks, blocks,
tiles, cement, concrete, and plaster; in land reclamation
and the filling of low-lying areas; for raising ground
levels, constructing roads, embankments, ash dykes,
roadblocks, and curbstones; as well as in the ceramic
industry to produce bricks, floor tiles, sanitary ware,
porcelain, and ceramic glazes. Additionally, fly ash has
found use in agriculture, wasteland development, various
industrial applications, high-value engineering sectors,
hydroelectric projects, irrigation systems, drainage
channels, and for lining rivers, tributaries, canals, roller-
compacted dams, and pavements [30-37].

The ceramic industry is one of the largest consumers
of natural raw materials. Globally, there is a growing
emphasis on incorporating industrial waste materials as
both an economically viable alternative and a strategy
to mitigate environmental pollution [38]. Accordingly,
significant research efforts have been directed toward
using fly ash in ceramics. For instance, Kockal [39]
examined the influence of different types of fly ash—
used as a feldspar substitute—and varying sintering
temperatures on the properties of sintered ceramic tile
bodies, demonstrating its potential as a cost-effective
aluminosilicate source. Other researchers have explored
the partial replacement of traditional materials with fly
ash in developing ceramic tiles [40—43].

Due to their exceptional properties—such as a high
strength-to-weight ratio, high hardness, low density,
excellent wear, and chemical resistance—ceramics have
secured a crucial role in modern industrial applications
[44,45]. Many researchers have conducted studies using
different raw materials to create porcelain. These studies
examined the compatibility of different raw materials
with the porcelain structure and explored the use of
alternative raw materials [46-55].

However, due to production complexity and cost, these
properties also constrain their widespread use. Recently,
considerable attention has been devoted to applying fly
ash in the ceramic industry to address such limitations
[41,56-61].

In the present study, the effects of fly ash sourced from
four different thermal power plants—Catalagz1 (CAT),
Cayrrhan (CAY), Kangal (KAN), and Afsin-Elbistan
A (AFS)—were investigated as additives in porcelain
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ceramic compositions at proportions of 0%, 15%, and
30% by weight. The sintered samples were evaluated
for density, porosity, shrinkage, and water absorption.
Additionally, their microstructural and thermal properties
were comprehensively analyzed.

Experimental Procedure

Characterization of raw materials

The materials utilized in this study include fly ash
and commercial porcelain powder. Fly ash samples
were obtained from four different thermal power plants:
Catalagz1 (CAT), Cayirhan (CAY), Kangal (KAN), and
Afsin-Elbistan A (AFS). Ready-made porcelain bodies
were sourced from Refsan, located in Kiitahya. The
chemical compositions of both the fly ash and porcelain
powder are presented in Table 1.

All powder mixtures were prepared using a ball-
to-powder-to-water ratio of 3:1:1 by weight. The
mixtures were homogenized by ball milling at 75
rpm (corresponding critical speed) for 24 hours and
subsequently dried in a laboratory dryer at 105 °C for 24
hours. The chemical compositions of the raw materials
were analyzed using X-ray fluorescence spectroscopy
(XRF, Thermo Scientific Niton analyzer), while the
crystalline phases were identified via X-ray diffraction
(XRD, Rigaku D/Max III, 35 kV, 20 range: 20-70).
In addition, Differential Scanning Calorimetry (DSC,
Netzsch) was employed to assess the thermal behavior
of the materials.

The fly ash and porcelain powders contain significant
amounts of ALOs; and SiO., with compositions as
follows:

* CAT: 25.24 wt% ALOs, 58.75 wt% SiO:

* CAY: 13.11 wt% ALOs, 50.98 wt% SiO:

* KAN: 14.93 wt% ALOs, 34.03 wt% SiO:

* AFS: 4.63 wt% ALOs, 9.37 wt% SiO:

¢ Porcelain powder: 22.70 wt% ALOs;, 66.50 wt%

Si0:

Table 1. The chemical composition of fly ashes [62] and
porcelain powder.

Porcelain Fly Ashes
powder CAT CAY KAN AFS
SiO, 66.50 58.75 50.98 34.03 9.37
ALO; 22.70 25.24 13.11 14.93 4.63
TiO, 0.10 - - - -

%

Fe,05 0.30 5.76 9.74 4.41 2.58
CaO 0.20 1.46 11.82 31.91 54.38
MgO 0.10 222 391 1.73 1.54
Na,O 3.00 0.60 2.71 0.65 0.18
KO 0.40 4.05 1.91 1.01 043
SO; 0.00 0.08 3.94 6.95 24.24
LOI 6.70 1.12 0.86 3.60 2.8
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Fig. 1. (a) X-ray diffraction patterns of fly ashes (CAT, CAY, KAN, AFS) and (b) Porcelain masse.

These values are comparable to those of traditional
ceramic raw materials.

X-ray diffraction (XRD) analysis of the porcelain
body revealed the presence of silicon oxide, muscovite,
calcium aluminosilicate, and iron silicate phases. The
corresponding diffraction patterns are presented in Fig.
I(a-b). The XRD pattern of the Catalagzi (CAT) fly
ash (Fig. 1a) reveals prominent peaks corresponding to
quartz (SiO2) and mullite (AlsSi2O13) [62]. In addition,
a broad diffuse hump observed between 20° and 30° 26
indicates the presence of an amorphous glassy phase,
which can enhance liquid-phase formation and facilitate
densification during sintering. The Cayirhan (CAY)
fly ash exhibits quartz as the dominant crystalline
phase, accompanied by secondary phases such as
albite (NaAlSi:Os), muscovite (KAL(AISizO10)(OH)2),
calcium sulfate, and other aluminosilicate minerals. The

presence of feldspathic phases (e.g., albite) may enhance
vitrification behavior by acting as fluxing agents at elevated
temperatures. The Kangal (KAN) fly ash is characterized
by the presence of calcium silicate, calcium oxide, and
sodium anorthite, indicating a higher CaO content. This
composition suggests a propensity for early-stage liquid-
phase formation; however, excessive CaO may also
induce structural inhomogeneities or phase separation
at high concentrations. The Afsin—Elbistan A (AFS)
fly ash displays a mineralogical composition dominated
by anhydrite (CaSO.), CaO, gismondine (a zeolite-
type phase), and hematite (Fe:Os). The intense peaks
associated with Ca- and sulfate-bearing phases indicate
high reactivity and fluxing potential. Nonetheless, the
elevated SOs content may promote excessive porosity
or microcracking due to gas evolution during sintering.
In contrast, the commercial porcelain powder (Fig. 1b)
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Fig. 2. (a) TG/DTA curves of fly ashes (CAT, CAY, KAN, AFS) and (b) porcelain masse

primarily contains albite, muscovite, and kaolinite as the
main crystalline phases. Muscovite and albite function
as fluxing agents and network modifiers, contributing to
enhanced vitrification and densification during thermal
processing.

The Differential Thermal Analysis/Thermogravimetric
(DTA/TG) curves of the fly ash samples and the porcelain
powder are presented in Fig. 2(a—b). The CAT fly ash
(Fig. 2a) exhibited minimal total weight loss (~3%),
consistent with its high-temperature combustion origin.
The negligible mass loss observed between 25-400 °C
confirms the absence of free or chemically bound
water. An exothermic peak near 980 °C is attributed
to mullite crystallization or the B-quartz to B-tridymite
phase transition. The CAY fly ash demonstrated a
total weight loss of approximately 7%, with thermal
events occurring between 200-800 °C, likely due to
the decomposition of residual hydrous minerals such as

muscovite. In contrast, the KAN fly ash displayed a more
significant weight loss (~13-14%), primarily attributed
to the decomposition of calcium-bearing phases and
hydrated silicates, as evidenced by broad DTA peaks
in the 800-1100 °C range. The AFS fly ash exhibited
a similar weight loss (~7%), with distinct endothermic
features likely corresponding to the decomposition of
calcium sulfate near 600-800 °C. The DTA/TG curve
of the porcelain powder (Fig. 2b) revealed a total weight
loss of ~7%. The initial endothermic event occurring
between 550-600 °C corresponds to the dehydroxylation
of kaolinite to metakaolinite. A subsequent exothermic
peak observed around 1000 °C is indicative of mullite
formation, marking the onset of significant phase
transformation.

Preparation of samples and characterization
All mixtures were stirred in distilled water for 24
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hours at a rotational speed of 75 rpm. Fly ash was added
to the porcelain bodies at concentrations of 0%, 15%,
and 30% by weight to formulate the body compositions.
Based on literature studies [39] and preliminary internal
tests, the upper limit of fly ash content was set at 30
wt%. Additions beyond this threshold resulted in poor
workability, increased cracking during drying, and
deterioration of densification after sintering. Based on
the results of the chemical analyses, an appropriate
formulation was developed for porcelain compositions
used in the ceramic industry. Samples were coded
according to their composition and sintering temperature.
For example, the code “P30CATI1150” refers to a
porcelain sample containing 30% Catalagz fly ash and
sintered at 1150 °C. The mixtures, homogenized in
alumina ball mills, were shaped into bars of dimensions
20 x 20 x 100 mm by wuniaxial dry pressing at a
pressure of 100 MPa. The green (unfired) samples were
then sintered at temperatures of 1050 °C, 1100 °C, and
1150 °C for 1 hour. Although a fixed dwell time of 1 h
was used in all sintering conditions to simulate industrial
practice, it is acknowledged that longer durations could
enhance mullite formation, particularly in high fly ash
formulations [6]. Characterization of the sintered porcelain
bodies included microstructural analysis (SEM), phase
identification (XRD), mechanical testing (three-point
bending), and physical property evaluation (shrinkage,
water absorption, porosity, density, and color).

Linear shrinkage was measured using a digital caliper,
and density, porosity, and water absorption were calculated
based on Archimedes’ principle, following ASTM C373-
88 standards. Color analysis of the sintered samples was
conducted using a Minolta CR-300 X-Rite colorimeter.

Mechanical strength was assessed using a three-point
bending test on a mechanical testing device with a load
sensitivity of 1 N and a capacity of 5 kN. For each
sample, five measurements were taken, and the average
was reported as the representative strength value. Phase
composition was determined via X-ray diffraction (XRD)
analysis over a 20 range of 4°-70°, using a Panalytical
X’Pert system, with phase identification carried out
using the HighScore software. Prior to microstructural
analysis, the samples were sequentially sanded using
400, 800, 1200, and 2000 grit abrasive papers, followed
by polishing with a 1 pm diamond suspension on a
velvet cloth. Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS) analyses were
performed using a Mira3 XMU FE-SEM (Tescan, Czech
Republic). All experimental data were compiled into
graphs and tables for interpretation and discussion.

The sintered samples underwent the following analyses:
physical tests (including total shrinkage, porosity, density,
water absorption, and color), mechanical testing (three-
point bending), microstructural analysis using Scanning
Electron Microscopy (SEM), and Energy Dispersive
X-ray Spectroscopy (EDX), and phase analysis using
X-ray Diffraction (XRD). All measurements and
calculations were performed in 3 to 5 replicates, and
arithmetic mean values were used for data evaluation.

Results and Discussion

The results of physical property measurements—including
water absorption (WA), porosity, bulk density, and total
shrinkage—are summarized in Table 2 and illustrated in
Fig. 3(a—b-c) and Fig. 4(a-b-c). In general, increasing the

Table 2. Water absorption, porosity, bulk density and total shrinkage tests of porcelain samples.

Sample Water absorption (%) Porosity (%) Bulk density (g/cm®) Total Shrinkage %
POOCATI1050 14.284 27.260 1.910 2.46
P15CAT1050 15.681 28.441 1.814 2.48
P30CAT1050 15.876 30.226 1.909 2.74
POOCAT1100 8.811 18.398 2.088 6.29
PISCAT1100 7.515 15.665 2.085 6.17
P30CAT1100 8.150 16.515 2.026 6.56
POOCATI1150 3.213 7.274 2273 8.98
PI15CAT1150 1.829 4.197 2.295 9.25
P30CAT1150 1.034 2.366 2.289 9.79
POOCAY1050 14.284 27.260 1.910 2.46
PISCAY1050 15.670 28.867 1.845 2.08
P30CAY1050 17.440 31.128 1.785 1.42
POOCAY1100 8.811 18.398 2.088 6.29
PISCAY1100 11.966 22.891 1.936 432
P30CAY1100 14.810 27.010 1.825 2.55
POOCAY1150 3.213 7.274 2273 8.98
PISCAY1150 1.660 3.683 2219 7.39
P30CAY1150 2.391 4.948 2.082 5.65
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Table 2. Continued

Sample Water absorption (%) Porosity (%) Bulk density (g/cm?) Total Shrinkage %
POOKAN1050 14.284 27.260 1.910 2.46
P15KAN1050 19.649 33.739 1.718 1.35
P30KAN1050 24.728 39.009 1.579 0.74
POOKAN1100 8.811 18.398 2.088 6.29
P15KANI1100 18.353 31.888 1.738 1.99
P30KAN1100 22.129 36.097 1.632 1.23
POOKAN1150 3.213 7.274 2273 8.98
P15KAN1150 10.443 19.515 1.871 428
P30KAN1150 15.037 25.902 1.724 2.65
POOAFS1050 14.284 27.260 1.910 2.46
P15AFS1050 18.897 33.068 1.750 1.31
P30AFS$1050 22.905 37.502 1.640 0.51
POOAFS1100 8.811 18.398 2.088 6.29
P15AFS1100 16.196 29.276 1.808 2.04
P30AFS1100 19.638 33.470 1.712 1.33
POOAFS1150 3.213 7.274 2.273 8.98
P15AFS1150 11.658 21.594 1.853 3.29
P30AFS1150 16.466 28.238 1.717 2.38
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sintering temperature led to improved densification, as
indicated by reductions in porosity and water absorption,
and corresponding increases in bulk density and total
shrinkage. For all compositions, the highest porosity and
WA values were observed at 1050 °C, while firing at
1150 °C promoted enhanced densification. The effect of
fly ash incorporation, however, was more nuanced and
strongly influenced by the source material. Notably, CAT
fly ash significantly enhanced densification at 1150 °C:
water absorption decreased from 3.21% (0 wt% fly ash)
to 1.03% (30 wt% fly ash), and bulk density increased
to 2.289 g/cm?®. In contrast, samples containing AFS and
KAN fly ashes exhibited consistently higher porosity
and water absorption across all firing temperatures,
suggesting incomplete vitrification—likely due to the
elevated CaO and SOs contents in these ashes, which
can promote excessive liquid-phase formation and gas
evolution. Interestingly, at 1050 °C, increasing the fly
ash content generally resulted in elevated porosity and
water absorption for CAY, KAN, and AFS samples,
potentially due to their lower amorphous phase content
and higher volatile release during early-stage sintering.
Nevertheless, at 1150 °C, certain fly ash-containing
compositions—particularly those incorporating CAT and

CAY ashes—demonstrated markedly improved physical
properties compared to the control, indicating the
importance of both firing temperature and ash chemistry
in governing densification behavior.

The irregular trend in water absorption may be linked
to fly ash particle agglomeration or heterogeneity in
its dispersion within the matrix. Such effects become
more pronounced at higher concentrations, potentially
hindering homogeneous vitrification and promoting
residual porosity [48,49].

Color analysis of the sintered porcelain samples
was performed, and the results are presented in Table
3. The L value indicates lightness (ranging from 0
= black to 100 = white), while +a and +b represent
the red and yellow components, respectively. In the
unreinforced porcelain samples (P00), increasing the
sintering temperature resulted in a moderate reduction in
L values, likely due to intensified phase transformation
and densification. Nevertheless, the surfaces remained
relatively white, with the highest lightness (L = 90.58)
observed in the P00 sample fired at 1050 °C. The
incorporation of fly ash led to a marked decrease in
lightness and a corresponding increase in chromaticity
(+a, +b), an effect that became more pronounced with
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Table 3. Colour analysis of porcelain sintered samples.
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Samples L a b Samples L a b
POOCAT1050 90.58 2.64 5.91 POOKANT1050 90.58 2.64 591
P15CAT1050 84.32 471 10.01 P15SKAN1050 84.28 4.56 7.76
P30CAT1050 79.13 6.99 14.45 P30KAN1050 80.96 5.19 10.06
POOCAT1100 88.63 2.34 7.89 POOKANT1100 88.63 2.34 7.89
P15CAT1100 74.74 7.87 14.90 P15KAN1100 84.15 3.32 9.25
P30CAT1100 68.73 10.23 18.62 P30KAN1100 81.52 3.25 12.83
POOCAT1150 83.25 1.87 10.54 POOKAN1150 83.25 1.87 10.54
P15CAT1150 63.56 3.94 11.00 P15KANI1150 70.09 6.41 17.95
P30CAT1150 55.19 4.69 11.76 P30KAN1150 69.02 5.83 22.66
POOCAY1050 90.58 2.64 5.91 POOAFS1050 90.58 2.64 591
P15CAY1050 79.67 5.51 8.86 P15AFS$1050 84.97 3.67 7.08
P30CAY1050 74.93 6.48 10.43 P30AFS$1050 79.47 453 8.38
POOCAY1100 88.63 2.34 7.89 POOAFS1100 88.63 2.34 7.89
P15CAY1100 75.89 5.48 9.69 P15AFS1100 83.43 2.98 8.97
P30CAY1100 69.20 6.77 11.09 P30AFS1100 79.75 3.13 10.98
POOCAY1150 83.25 1.87 10.54 POOAFS1150 83.25 1.87 10.54
PI5CAY1150 57.13 3.63 10.57 P15AFS1150 74.64 4.83 14.90
P30CAY1150 43.30 4.49 9.96 P30AFS1150 66.27 6.98 24.63

higher firing temperatures and greater additive content.
For instance, in the P30CAY1150 sample, L sharply
declined to 43.30, while a and b increased to 4.49 and
9.96, respectively. These color changes are primarily
attributed to the presence of Fe.Os, TiO:, and alkali
oxides in the fly ash, which promote the formation of
color-imparting phases such as hematite, fayalite, or
colored amorphous glass during sintering. Interestingly,
despite its relatively high Fe.Os content, the CAT fly
ash yielded better color stability—possibly due to its
lower alkali content and greater mullite formation, which
may suppress discoloration by limiting the formation of
colored secondary phases.

The three-point bending strength values of the porcelain
samples are summarized in Table 4 and illustrated in
Fig. 5. Overall, increasing the sintering temperature

Table 4. Three-point bending strength of samples (MPa).
3-point bending strength (MPa)

Samples
CAT CAY KAN AFS

P001050 6.764 6.764 6.764 6.764
P151050 6.064 7.249 4.975 4.796
P301050 6.447 5.188 4.691 4.853
P001100 12.181 12.181 12.181 12.181
P151100 12.812 9.312 4.600 7.868
P301100 13.510 5.371 4.207 5.274
P0O01150 16.255 16.255 16.255 16.255
P151150 20.585 17.847 8.731 9.984
P301150 20.149 15.280 7.252 7.822

significantly enhanced the mechanical strength, consistent
with improved densification and phase development at
elevated temperatures. However, the effect of fly ash
addition varied substantially depending on the source
material. Among the fly ashes investigated, CAT fly ash
demonstrated the most pronounced strengthening effect:
the flexural strength increased from 16.26 MPa (P00)
to 20.58 MPa (P15) at 1150 °C. This improvement is
attributed to the high SiO. and ALOs contents, as well as
the presence of mullite precursors in the CAT ash, which
contributed to the formation of a denser microstructure.
In contrast, samples incorporating KAN and AFS fly
ashes exhibited a decline in mechanical performance
with increasing additive content, particularly at 1100—
1150 °C. The elevated levels of CaO and SO:s in these
ashes likely led to excessive liquid phase formation
and gas release during sintering, promoting residual
porosity and reducing flexural strength. The CAY fly
ash, which is moderately rich in iron and alkali oxides,
still improved strength at 15 wt% addition (17.85 MPa at
1150 °C); however, mechanical performance declined at
30 wt%, indicating an optimal additive threshold below
20 wt%. Although the 30 wt.% fly ash sample still
exhibited higher strength than the reference (0%), its
value was slightly lower than the 15 wt.% sample. This
suggests an optimum threshold near 15 wt.%, beyond
which excessive ash content impairs vitrification and
leads to local structural inhomogeneity.

X-ray diffraction (XRD) patterns of the control (PO)
and porcelain samples incorporating 30 wt% fly ashes,
fired at 1050 °C and 1150 °C, are presented in Fig. 6
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Fig. 5. 3-point bending strength graph of porcelain samples (a-0% porcelain masse, b-15% fly ash, ¢c-30% fly ash).
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Fig. 6. XRD patterns of porcelain samples (PO, P0-1050 and

P0-1150).

and Fig. 7. The starting porcelain powder (P0) primarily
comprises quartz (JCPDS 96-900-9667), albite (96-900-
1632), kaolinite (96-101-1046), and muscovite (96-
101-1050). Upon firing at 1050 °C, the emergence of
mullite (96-900-5502) suggests the initiation of phase
transformation, predominantly from the decomposition
of kaolinite. As the temperature increases to 1150 °C, the
peaks associated with kaolinite and muscovite disappear,

while the mullite peaks become more prominent,
indicating enhanced crystallization and densification.
Among the fly ash-added compositions, P30CAT1150
exhibited the most pronounced mullite peak intensity,
which can be attributed to the high alumina and silica
content of the CAT fly ash. This result suggests effective
mullitization, potentially contributing to improved
mechanical performance. In contrast, P30KANI1150
and P30AFS1150 samples displayed comparatively
weaker mullite signals and a predominance of quartz
and anorthite phases, implying limited mullite formation.
This behavior may be related to the elevated CaO and
SO:s contents in these fly ashes, which likely promote the
formation of a low-viscosity glassy phase that inhibits
mullite crystallization. Overall, the XRD results confirm
that the type of fly ash significantly influences crystalline
phase evolution and, consequently, the final properties
of the porcelain bodies.

Scanning electron microscopy (SEM) images of
the non-additive porcelain samples (P0), sintered at
1050 °C and 1150 °C, are presented in Fig. 8. At
1050 °C, the microstructure appears relatively porous
and heterogeneous, characterized by large glassy-phase
regions and unreacted quartz grains. This morphology
reflects incomplete densification and limited mullite
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formation, indicating that the sintering process at this
temperature was insufficient to achieve full vitrification.
In contrast, at 1150 °C, the microstructure becomes
noticeably denser and more vitrified. The emergence
of needle-like mullite crystals embedded within the
continuous glassy matrix is indicative of the onset of
mullitization and advanced phase transformation. These
microstructural features correlate well with the observed
improvements in mechanical strength and water resistance
at this temperature. Overall, the increase in sintering
temperature promotes enhanced densification, phase
development, and microstructural integrity, consistent
with the findings from XRD analysis and physical
property measurements.

Energy Dispersive Spectroscopy (EDS) analysis of
the reference porcelain sample sintered at 1050 °C
(P0-1050) is presented in Fig. 9. The results reveal
a dominant presence of SiO: (57.94 wt%) and AlLO;
(25.85 wt%), characteristic of aluminosilicate-rich
porcelain compositions. These oxides primarily originate
from quartz, kaolinite, and mullite precursors. Significant
levels of Na:O (8.97 wt%) and KO (2.64 wt%) were
also detected, indicating the presence of feldspathic
phases such as albite and muscovite, which act as fluxing
agents and facilitate the formation of a glassy phase
during sintering. Minor components include Fe:Os (3.19
wt%) and CaO (1.19 wt%). While the relatively low
CaO content is advantageous in reducing vitrification-

P0O01050

0 5897 | Na,O 897

Na 2.82 MgO 022

Mg 0.11 AlLO; 2585
Al 11.60 | Si0, 57.94
Si 2296 | KO 2.64

K 0.93 CaO 119
Ca 0.72 TiO,  0.00

Ti 0.00 FesO; 3.19
Fe 1.89

P0O0O1150

0 64.79 | Na,O 12.50

Na 3.44 MgO  0.00
Mg 0.00 ALO; 26.54

Al 1042 | Si0,  56.52

Si 19.60 | K20 273

K 0.84 Ca0 1.72

Ca 0.91 TiO;  0.00

Ti 0.00 Fe:0s  0.00
i L Fe 0.00

Fig. 9. SEM-EDS images of non-additive porcelain samples.

related defects (e.g., excessive liquid phase or bloating),
the iron content may contribute to subtle coloration at
elevated temperatures through the formation of iron-
bearing phases.

The Energy Dispersive Spectroscopy (EDS) spectrum
of the reference porcelain sample sintered at 1150 °C
(PO-1150) is shown in Fig. 9. Compared to the sample

Fig. 10. SEM images of 30% fly ashes (CAT, CAY, KAN, AFS) added porcelain samples sintered at 1050 °C and 1150 °C.
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sintered at 1050 °C, the 1150 °C specimen exhibits a relatively high porosity and display incomplete fusion of
notably higher Na.O content (12.50 wt%), suggesting heterogeneous particles, even at 1150 °C. These features
increased formation of a glassy phase derived from are likely attributable to the high CaO and low SiO:

albite at elevated temperatures. The concentrations contents of CAY and AFS fly ashes, which can disrupt
of ALO; (26.54 wt%) and SiO: (56.52 wt%) remain mullite formation and hinder vitrification. The P30KAN
consistently high, aligning with the expected presence specimens demonstrated the poorest microstructural
of mullite and residual quartz. Notably, Fe:Os and TiO: integrity, exhibiting widespread porosity, microcracking,
were not detected, indicating a purer ceramic matrix, and limited evidence of phase development. The high
which is advantageous for achieving high whiteness calcium content and low amorphous fraction of KAN
and minimizing discoloration in the fired product. The fly ash may contribute to these deficiencies. Overall,
increase in sintering temperature promotes enhanced the microstructural evolution supports the conclusion
vitrification, phase development, and microstructural that fly ash sourced from the Catalagzi (CAT) power
densification, as corroborated by the SEM results and plant exhibits the highest compatibility with porcelain
the oxide composition identified in the EDS analysis. matrices, effectively promoting densification and mullite
SEM micrographs of porcelain samples incorporating crystallization during sintering.
30 wt% fly ash from different sources (CAT, CAY, KAN, The elemental compositions of the porcelain samples

and AFS), sintered at 1050 °C and 1150 °C, are presented containing 30 wt% fly ash (P30), sintered at 1050 °C
in Fig. 10. Among the compositions, the P30CATI1150 and 1150 °C, as determined by Energy Dispersive
sample exhibits the highest degree of densification Spectroscopy (EDS) in Fig. 11 according to the general

and microstructural homogeneity, characterized by the regional results (<), exhibit significant variations
presence of needle-like mullite crystals embedded within depending on the fly ash source. The P30CATI1150
a continuous glassy matrix. This refined morphology is sample demonstrated the most favourable chemical

consistent with the improved physical and mechanical profile, with the highest SiO. content (63.93 wt%),
performance observed for CAT-derived samples. In elevated Na:O (6.71 wt%), and the complete absence
contrast, the P30CAY and P30AFS samples retain of Fe:0s. This composition supports the formation of a

P30CATI050 P30CAY 1050
5] 5562 | NmO 37 0 5953 | Na0___ 498
Na 120 | M2O___ 06 Na 155 | MgO 051
Mg 032 | ALO, 2784 Mg 026 | ALO, _ 3031
Al 12.84 | Si0, 5393 Al 1345 | Si0:  59.98
Si 2197 | KO 180 si 2351 | KO 328
K 65| Ca0 20 K 114 | CaO 093
Ca 75 | TiO, 0.0 Ca 056 | Tio, _ 0.00
Ti .00 Fe 04 0.91 Ti 0,00 Fe 0 (0.0
Fe 665 Fe 0.00
PIOCATIIS0 PIOCAYIIS0
[5) 4661 | NaO 6.1 S ol Tieo 553
Na 279 | MgO___0.75 Na e MgO 034
Mg 0.51 AL, 2586 Mg 0.23 ALO, 2798
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Si 3350 | K0 33 Si 2741 | KO 217
K 248 Ca0 A1 K 1.00 Ca0 9.62
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CAT CAY
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K 150 | CaD 3.8 K Q.60 Loca.  2.J4
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Fig. 11. EDS analyses of 30% wt. fly ashes (CAT, CAY, KAN, AFS) additive porcelain samples sintered at 1050 °C and 1150 °C.
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homogeneous glassy matrix, contributing to enhanced
vitrification and improved mechanical performance. By
contrast, the P30CAY 1150 and P30AFS1150 samples
exhibited high CaO concentrations (9.62 wt% and 10.47
wt%, respectively), which are known to disrupt mullite
crystallization and interfere with vitrification, potentially
leading to increased porosity and microstructural defects.
Although the P30KANI150 specimen displayed an
elevated Al:Os content (30.71 wt%), its comparatively
low SiO:. and insufficient alkali content may have
restricted densification and phase development during
sintering. These compositional differences are in strong
agreement with the corresponding physical, mechanical,
and microstructural findings, reinforcing that Catalagzi
(CAT) fly ash is the most compatible additive for
enhancing porcelain sintering behavior and final material
performance.

Conclusions

This study systematically evaluated the effects of
fly ash sourced from four thermal power plants—
Catalagzi (CAT), Caywrhan (CAY), Kangal (KAN),
and Afsin—Elbistan A (AFS)—on the physicochemical,
microstructural, and mechanical properties of porcelain
ceramics. Fly ash was incorporated into a commercial
porcelain matrix at 15 wt% and 30 wt%, followed
by sintering at 1050-1150 °C. The findings revealed
significant differences in densification behavior and
final performance, largely dictated by the chemical
composition of the respective fly ashes.

* Among all compositions, the CAT-derived fly ash
demonstrated the most favorable performance. Its
high SiO./ALOs ratio and the absence of Fe.Os
in the sintered matrix facilitated the development
of a dense microstructure, as confirmed by SEM
and EDS analyses, and promoted the formation of
needle-like mullite crystals, as evidenced by XRD
patterns. These features translated into the lowest
porosity (2.366%) and water absorption (1.034%),
along with the highest flexural strength (20.585 MPa)
at 1150 °C, indicating efficient vitrification and
mechanical reinforcement.

As the sintering temperature increased, the whiteness
(L) value of the porcelain samples decreased, while
the yellowish tone (b) value increased. These
changes are primarily attributed to the presence of
fluxing oxide impurities and potential Fe.Os-related
chromophores originating from the fly ash.

The compressive strength of the porcelain
samples generally improved with higher sintering
temperatures. The strength value of the pure porcelain
sample sintered at 1150 °C was 16.255 MPa. In
comparison, the sample containing 15% Catalagzi
fly ash, sintered at the same temperature, reached a
strength of 20.585 MPa, while the sample with 30%
fly ash achieved 20.149 MPa. In contrast, samples

containing KAN and AFS fly ashes exhibited
inferior densification, higher residual porosity, and
reduced mechanical strength. These shortcomings
are attributed to their excessive CaO content and
poor phase compatibility with the porcelain matrix.
Furthermore, DSC/TG analysis revealed a distinct
exothermic peak near 980 °C in the CAT sample,
corresponding to mullite crystallization, while AFS
and KAN samples exhibited multiple thermal events
associated with complex decomposition and limited
ceramic reactivity.

SEM analysis revealed that microstructural porosity
decreased as the firing temperature increased, due
to the development of a liquid phase. Porosity was
more evident at lower temperatures. Moreover,
the formation of mullite at higher temperatures
contributed to improved strength. The limited
amount and fine size of quartz grains observed
in the SEM images also positively influenced the
mechanical strength.

In conclusion, this study demonstrates that the
incorporation of fly ash—traditionally considered a
waste product—into porcelain formulations, in controlled
amounts, can lead to the production of high-strength
porcelain. This not only offers an environmentally
friendly solution for fly ash disposal but also helps
conserve natural raw material resources, contributing
to sustainable ceramic production. Catalagzi fly ash,
in particular, emerges as a promising sustainable raw
material for porcelain production by supporting the
valorization of industrial by-products in advanced
ceramic manufacturing.
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