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Abstract

Purpose. This study investigates the effects of varying alumina content and firing temperatures on the formation of mullite
in refractory bricks composed of kaolin, alumina, and recycled chamotte. The goal is to develop high-performance, cost-
effective refractories using local and recycled materials.

Methods. Three formulations with different alumina proportions were prepared, pressed, and sintered at 1200 or 1300°C.
Characterization was performed using XRF (chemical composition), XRD (phase analysis), FE-SEM/EDX (microstructure),
and STA (thermal behavior). Mechanical properties were assessed using a UTM, and chemical resistance was evaluated by
exposure to HoSO4 and NaOH solutions.

Findings. Results show that higher alumina content and firing at 1300°C promote mullite formation, thereby improving me-
chanical strength, density, and resistance to thermal shock and chemical corrosion. The refractory with 35% alumina, fired at
1300°C, achieved the highest cold crushing strength (26.5 N/mm?) and bulk density (2.13 g/cm?), indicating optimal performance.

Originality. The novelty of this work lies in the strategic use of recycled chamotte, not merely as a filler, but as a functional
mullite precursor that synergizes with local kaolin to enhance sintering. This approach is concretely validated by the optimal
performance of the 35% alumina composition fired at 1300°C, which achieved the highest mechanical strength and density,
demonstrating a cost-effective and high-performance refractory solution from sustainable sources.

Practical implications. The findings provide practical solutions for manufacturing high-quality refractories from
sustainable, locally sourced materials, thereby reducing dependence on pure alumina and promoting environmental sustai -
nability through recycling.
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1. Introduction

Refractory bricks constitute essential materials in sustai-
ning high-temperature industrial operations in Indonesia,
particularly in the metallurgy, cement, and power generation
sectors. These ceramics are engineered to endure mechanical
stress, chemical attack, corrosion, and severe thermal gra-
dients, making them highly suitable for applications such as
furnace linings, thermal insulation, and critical components
within combustion and smelting systems [1]. Based on [2],
refractory materials are defined as non-metallic substances
that possess the requisite physical and chemical characteris-
tics to withstand environments exceeding 1000°F (538°C).
Refractories are typically multi-phase ceramics specifically
designed to perform reliably under extreme service condi-
tions and elevated temperatures [3]. Their functionality ne-
cessitates resistance not only to exhaust gas corrosion and
slag infiltration but also to cyclic thermal shocks and ther-
momechanical loading [4], [5].
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Despite their exceptional durability, refractory bricks ex-
perience progressive degradation due to constant exposure to
abrasive forces and chemical reactions, particularly during
repeated thermal cycles. This wear leads to periodic re-
placement requirements, contributing substantially to indus-
trial waste generation. Improper disposal of such waste poses
environmental hazards, thereby necessitating the adoption of
sustainable waste management strategies. The recycling of
spent refractory materials presents a viable approach aligned
with the principles of the circular economy and environmen-
tal stewardship within the refractory industry [6], [7].

The Indonesian Ministry of Industry (2019) reported that
domestic demand for refractory products ranges between
150-200 thousand metric tons annually. However, national
production capacity remains limited to approximately
50 thousand tons per year. This substantial supply gap is
primarily driven by sustained demand from foundries and
other thermal process industries that require routine refracto-
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ry maintenance. Consequently, the development of innova-
tive, cost-efficient, and locally sourced refractory solutions is
imperative to mitigate the supply-demand disparity.

The physicochemical properties of refractory bricks are
predominantly determined by their raw material composition.
Among these, alumina (ALO;) is widely utilized due to its
superior thermal stability and its facilitation of mullite
(3A1,03°2510,) phase formation. High-alumina refractories
have demonstrated effective performance in erosive and high-
temperature environments such as combustion chambers [8].
Nevertheless, the reliance on pure alumina often incurs sub-
stantial production costs, rendering conventional refractory
production less economically sustainable. In response, re-
search has increasingly focused on incorporating recycled
refractory waste and abundant local raw materials, such as
kaolin, to reduce cost while maintaining functional integrity.
Kaolin, rich in silica (SiO»), exhibits insulating and thermal-
resistant properties and functions as both a binder and filler
during sintering. It facilitates particle cohesion, reduces porosi-
ty, and preserves mechanical strength [9]. The silica content in
kaolin reacts with alumina to promote the in-situ formation of
mullite phases, which are known for their low thermal conduc-
tivity, high temperature resistance, and structural stability [8].
Therefore, a composite formulation comprising kaolin and
alumina presents a promising low-cost refractory alternative
with high thermal performance characteristics.

Empirical evidence from various studies substantiates this
methodology, which was conducted to investigate the effect of
quartz sand composition, including kaolin and fly ash, on the
properties of refractory bricks at a heating temperature of
1275°C [10]. Based on the study’s results, it is evident that
adding quartz sand composition increases density and thermal
conductivity values. The maximum compressive strength is
achieved at a 10% quartz sand addition, reaching 30.51 MPa.

El Haddar et al. researched the production of high-
mechanical-performance refractories from recycled hal-
loysite and alumina [11]. For this purpose, six mixtures (M1-
M6) were tested using marl, diatomite, and silica sand aggre-
gates to enhance halloysite performance and develop high-
temperature ceramic up to 1300°C (silico-aluminous refrac-
tory “S-Al-R”). Among all the mixtures tested, mixture M6
demonstrates good technical quality, with porosity
(P)=21.75%, density (d)=1.94 g/cm?, thermal shrinkage
(R) =2.7%, and flexural strength (Rf) =29.05 MPa. In addi-
tion to the mixture (M6) of 25% of their cycled alumina
“Rec-Al”, obtained from silico-aluminous refractory bricks
waste, has substantially strengthened the mechanical perfor-
mance of the silico-aluminous refractory (Rf = 45.08 MPa).

Amin et al. conducted a study on the characterization of re-
fractory bricks using local raw materials in Lampung Pro-
vince, Indonesia. The raw materials, including quartz sand,
kaolin, bentonite, feldspar, and ball clay, were mixed and then
divided into seven types of compositions [12]. The results of
composition one bricks are similar to those of SK-34 type
refractory bricks, with SiO, at 54.21%, Al,O; at 25.38%, and
density test results of 2.25 g/cm?, porosity of 18.98%, and
compressive strength of 325 kg/cm?. It was found that the
density is inversely proportional to the porosity caused by the
sintering process, because the powder particles melt into a
solid phase, thereby reducing the porosity value.

Based on the description above, further study and re-
search are necessary to develop alternative solutions to ad-
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dress the refractory demand for refractory bricks. This study
aims to produce refractory bricks with a main oxide content
of mullite by varying the composition of alumina-based
materials and by varying the heating temperatures to 1200°C
and 1300°C during the formation of the mullite phase. The
raw materials used in the composition variations include
kaolin, alumina, and chamotte.

2. Methods

The raw materials used in this experiment are local kaolin
lampung material, alumina, and recycled chamotte from SK-
34 refractory bricks. The first stage of sample preparation is
cleaning the material, which is then ground separately using a
Ball Mill Type TR6-ZA-D112.M4. After completion, the
chamotte material is then sieved using a 10-mesh sieve as an
aggregate, while kaolin is sieved using a 100-mesh sieve as a
filler. Furthermore, initial characterization of the raw material
is carried out with XRF and XRD analysis to determine the
chemical composition and dominant phase contained in the
raw material using XRF PANalytical type: Minipal 4 opera-
ting at a voltage of 30 kV, XRD PANalytical type: ExpertPro
operating at a voltage of 40 kV. Then, the sintering process of
the kaolin material is carried out at a temperature of 900°C
with a heating rate of 500°C/hour, and it is held for
60 minutes at the specified temperature. The material is then
cooled in the furnace until it reaches room temperature.

All raw materials are weighed and adjusted to account for
the composition variations listed in Table 1, with a total
weight of 300 g. In each composition variation, bentonite is
added at an equivalent of 10% of the total weight. All the
ingredients are mixed with the addition of 20% water, and the
refractory brick mixture is then inserted into the mold. It is
subjected to a pressure of 10 tons using a hydraulic press, a
floor model Krisbow type 20 t. The molded sample is dried
using a microwave advanced type AOV-300 at a temperature
of 60°C with a hold for 60 minutes. Then, the refractory brick
sample is heated/burned using a muffle furnace with a heating
rate of 500°C/hour and held for 60 minutes at the specified
temperatures of 1300 and 1200°C.

Table 1. Variation of refractory brick composition

Variation Material, % wt Temperature,
K A C °C
RF20/30/50A 20 30 50 1.300
RF15/35/50A 15 35 50 1.300
RF10/40/50A 10 40 50 1.300
RF20/30/50B 20 30 50 1.200
RF15/35/50B 15 35 50 1.200
RF10/40/50B 10 40 50 1.200

The refractory brick samples were analyzed using
FESEM-EDX (Thermo Scientific™ Quattro SEM) to deter-
mine the morphology, topography, and elements formed on
the surface of the refractory bricks. The measurement of mass
changes and thermal effects of the refractory bricks was ana-
lyzed using a NETZSCH STA 449 F3 Jupiter. The crystal
structure that formed was determined by X-ray diffraction
using a Panalytical X-Pert 3 Powder XRD system with Cu-Ka
as the X-ray source. The operating voltage was 40 kV, and the
current was 30 mA, with the test sample scanned at an angle
of 20 from 20 to 80°. At the same time, the chemical compo-
sition of matter is known using X-ray fluorescence (Malvern
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Panalytical’s X-RF Epsilon 4 XRF Spectrometer), operating
at a voltage of 50 kV and a current of 3 mA. The measure-
ment of the strength of refractory bricks under loading was
analyzed using a Universal Testing Machine (UTM HT-
2402). Then, for the calculation of density, porosity, and
water absorption based on Archimedes’ method. Meanwhile,
for calculating the decomposition of refractory bricks due to
the heating rate, the calculation reference is ASTM C113-
14 [13]. The analysis of the resistance of refractory bricks to
chemical properties was conducted by providing H,SO4 and
NaOH solutions, followed by a reheating treatment in a muf-
fle furnace at 1150°C. The samples were then cooled to room
temperature and visually analyzed to determine the resistance
of the refractory bricks to chemical properties.

3. Results and discussion

In the initial characterization analysis of the raw mate-
rials, it is evident from Table 2 that SiO, is the dominant
element in both kaolin and chamotte, with percentages of

73.27 and 44.34% wt, respectively. In the characterization
analysis of the refractory brick samples, it is known that
there are alkali oxides, such as CaO, and there are Fe,O;
oxides that exceed the limit value, which can affect the re-
sistance of refractory bricks. The percentage value of Fe,O3
oxide does not exceed 2.5% (wt) [14]. The dominant oxides
in the refractory brick variation samples are Al,O3 and SiO»,
which are the oxides that form the mullite phase. The solid-
phase reaction of the alumina-silica oxide mixture at high
temperatures can cause the formation of mullite [15].

Figure 1a presents the XRD characterization analysis of
chamotte and kaolin raw materials. The chamotte raw mate-
rial contains a mullite phase, which is attributed to the use of
recycled SK-34 refractory bricks as the chamotte material.
Meanwhile, in kaolin, silica oxide is dominant and plays a
significant role in the formation of the quartz phase.

Figure 1b, c, d present the XRD results for various re-
fractory brick samples, revealing significant differences in
their phase compositions.

Table 2. XRF analysis results (% wt)

Compound Raw material Sample
P K C RF20/30/50A  RF15/35/50A  RF10/40/50A  RF20/30/50B  RF15/35/50B  RF10/40/50B
AlLO3 16.97 36.15 5091 53.43 58.26 48.01 53.24 58.10
SiO2 73.27 44.34 39.37 35.89 32.42 40.64 36.15 32.39
TiO2 0.48 3.65 1.64 2.11 1.85 2.19 1.89 1.75
CaO 1.84 0.87 1.14 1.04 0.96 1.41 0.96 0.91
Fe203 4.30 6.62 4.44 4.95 4.15 5.14 5.02 4.45
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Figure 1. XRD analysis results: (a) raw material; (b) RF 20/30/50; (c) RF15/35/50; (d) RF10/40/50
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Specifically, the samples treated at 1200°C show the pre-
sence of three main phases: mullite, laihunite, and cristobalite.
These phases are formed under relatively lower firing tempera-
tures and are typical of the reaction processes that occur in the
silica-alumina system at temperatures just below 1300°C. In
contrast, the samples fired at 1300°C (variations
RF20/30/50A, RF15/35/50A and RF10/40/50A) exhibit the
formation of different phases, including sillimanite, corundum,
and gibbsite. These phase variations reflect the impact of tem-
perature on the crystallization behavior and phase transitions
within the refractory materials. The higher firing temperature
facilitates the formation of phases such as sillimanite and co-
rundum, which are more thermodynamically stable at elevated
temperatures. In contrast, lower temperatures lead to the stabi-
lization of phases like mullite and cristobalite [16].

The formation of mullite and cristobalite in the samples
fired at 1200°C is consistent with the findings of who
demonstrated that these phases tend to stabilize around
1300°C, which is considered an optimal temperature for their
formation. Mullite, an alumino-silicate phase, forms as a
result of the reaction between alumina oxide (Al,O3) and
silica (Si0O,) at high temperatures, typically above 1200°C.
The high-temperature conditions promote the interaction
between these oxides, resulting in the formation of mullite
crystals that significantly enhance the mechanical and ther-
mal properties of the refractory material. The formation of
cristobalite, another high-temperature polymorph of silica, is
closely linked to the silica content and temperature [17].
Cristobalite is known for its high expansion coefficient,
which can enhance the material’s ability to withstand thermal
shock. The combination of mullite and cristobalite phases in
the material contributes to its ability to maintain structural
integrity under rapid temperature fluctuations, making it
more resistant to thermal cycling [18].

In kaolin-based materials, phase transformations occur
from sillimanite (Al,SiOs) to quartz (SiO-), and under higher
temperatures, anorthite (CaAl,Si»Og) may form. These trans-
formations result from the silica content present in kaolin and
the elevated temperatures that favor the formation of more
thermodynamically stable phases. The transition from silli-
manite to quartz and anorthite is also influenced by the pre-
sence of fluxing agents such as calcium, which reduces the
melting point of the material and facilitates the formation of
stable phases at high temperatures. This transformation not
only alters the crystalline structure of the material but also
affects its overall physical properties, including density,
strength, and porosity [19].

Chamotte, which is primarily composed of alumina and
silica, undergoes significant phase transformations at higher
firing temperatures. Mullite, which forms as the primary
phase at moderate temperatures, transforms laihunite, ar-
tesunate, and quartz at 1300°C. These transformations occur
due to the complex interactions between alumina and silica,
along with the influence of other elements such as calcium,
magnesium, and iron, which can act as fluxing agents. Lai-
hunite is a calcium aluminosilicate phase that can form when
the alumina-silica ratio is altered, and it contributes to the
material’s improved high-temperature stability. Artesunate, a
less common phase, can form in the presence of specific
temperature and pressure conditions, and it further enhances
the material’s structural properties by improving its re-
sistance to high-temperature deformation.
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These phase transformations in chamotte are essential for
improving the thermal stability, mechanical strength, and
structural integrity of the material. The transition from mul-
lite to laihunite, artesunate, and quartz helps create a more
stable and durable material, which is particularly important
for refractories used in high-temperature applications. Mul-
lite’s role in enhancing the high-temperature stability of the
material is well documented, as it contributes to the refracto-
ry’s resistance to deformation and thermal shock. Cristobalite
and talc, both high-temperature phases, further enhance the
material’s ability to resist thermal shock by increasing its
capacity to absorb and dissipate thermal stresses during rapid
temperature changes [20]. These phase transitions, therefore,
play a critical role in improving the performance of refracto-
ry materials, making them more durable and resilient under
extreme temperature conditions.

Figure 2 shows the results of the STA characterization
analysis of the refractory brick variation samples. Simultane-
ous Thermal Analysis (STA) is a sophisticated analytical
method that integrates Thermogravimetric Analysis (TGA)
and Differential Scanning Calorimetry (DSC), allowing for
the simultaneous measurement of changes in sample mass
and heat flow as a function of temperature or time. This dual
approach enables a thorough characterization of the thermal
properties and reactions of materials under precisely con-
trolled conditions [21].

TGA RF1040'50B
== DSC RFI0/40/S0B

TGA RF2030'50B
=== DSC RF20/30/508

~=TGA RF1535/50B
=== DSC RF15/35/508

DSC (mW/mg)
s

0 600

Temperature ( °C)

Figure 2. Thermal behavior and phase transformation analysis:
1 —initial heating; 2 — release of carbon compounds;
3 — decomposition of heating rate; 4 — oxidation of com-
pounds; 5 — mullite phase transformation

According to Yue et al., initially below 600°C, the
thermogravimetric analysis (TGA) indicates mass loss pri-
marily due to the evaporation of moisture and the dehy-
droxylation of hydroxides present in the material ma-
trix [22]. The corresponding endothermic peaks in the dif-
ferential scanning calorimetry (DSC) curve confirm the
absorption of energy during these dehydration processes.
The corresponding endothermic peaks in the differential
scanning calorimetry (DSC) curve confirm the absorption
of energy during these dehydration processes.

Between 600 and 900°C, the mass loss slows, indicating
the completion of volatile release. DSC reveals exothermic
events corresponding to phase transformations such as crys-
tallization and grain growth, which are essential for impro-
ving the refractory’s mechanical properties and thermal
shock resistance [23]. Between 900 and 1200°C, sintering
and densification dominate, as indicated by stabilized TGA
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data and subtle DSC exothermic peaks. These changes re-
duce porosity, enhance grain boundary bonding, and improve
thermal conductivity and structural integrity [24]. The stabi-
lization of mass and reduced thermal events near 1200°C
indicate the refractory’s high-temperature durability, which
is critical for applications in furnaces and kilns.

These findings align with recent literature emphasizing that
the performance of refractory materials depends on controlled
phase changes and minimal mass loss to maintain structural
and chemical stability at elevated temperatures [25].

The SEM analysis results presented in Figure 3a-f indi-
cate that the topography of each sample variation shows the
presence of pore cavities, which are typically formed due to
the distribution of impurities within the material. These pores
are evident across the different sample variations and can
significantly affect the physical and mechanical properties of
the refractory bricks. The pore cavities often result from
factors that hinder the rearrangement of the ceramic matrix
during the heating process, such as the presence of residual
impurities. These impurities prevent the material from uni-
form densification, leading to the formation of voids or gaps
within the brick structure.

The presence of these pore cavities is critical, as they
can negatively influence the mechanical strength of the
refractory material. Pore cavities reduce the overall density

(e) RF10/40/50A; f — RF10/40/50B

%

Figure 3. SEM micrographs of the refractory samples: (a) RF20/30/504; (b) RF20/30/50B; (c) RF15/35/504; (d) RF15/35/50B;

of the material, and their distribution within the ceramic body
is directly related to its diametric strength. The strength of
refractory bricks, particularly their resistance to mechanical
stress, is heavily influenced by the proportion of pores
present. A higher percentage of pores typically leads to a
decrease in the material’s strength, making it more
susceptible to failure under load or during thermal cycling.
Additionally, the pore cavities can impact the material’s
thermal conductivity and thermal shock resistance. As the
pores increase, the material’s ability to withstand rapid
temperature changes or extreme heat is compromised, leading
to a reduction in the brick’s effectiveness in high-temperature
applications. The formation of these pores is especially
concerning in industrial applications, where refractory bricks
are subject to harsh conditions, and any reduction in
mechanical or thermal properties can lead to premature failure.
When comparing the different samples treated at varying
temperatures, it is observed that the sample treated at 1300°C
exhibits fewer and smaller pore cavities than the one treated at
1200°C. This is indicative of the effect that heat treatment
temperature has on the densification process. Higher temperatures
promote better sintering, which helps reduce the formation of pore
cavities. Conversely, the sample treated at the lower temperature
of 1200°C exhibits a greater number of larger voids, indicating
insufficient sintering and incomplete impurity elimination.
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In conclusion, the presence of pore cavities within
refractory bricks is a significant factor that affects their
overall performance. Effective control of heating conditions
is crucial for minimizing the formation of these voids,
thereby enhancing the material’s mechanical strength,
thermal properties, and durability.

In the density analysis shown in Figure 4a, the variation
RF 15/35/50A is found to have the highest density value of
2.13 g/cm?®. This observation is supported by the SEM analy-
sis in Figure 3¢, which shows that the topography of varia-
tion RF15/35/50A exhibits the highest density, characterized
by smaller and fewer pore cavities. The density of the refrac-
tory brick samples is influenced by the heating temperature,
with samples treated at 1300°C showing a density increase of
approximately 2-3 g/cm® compared to those treated at
1200°C. This increase in mass density is consistent with
previous research, which indicates that mass density tends to
rise with increasing temperature [20].

The improvement in the density of sample variations can
be attributed to the reaction of silica oxide, which acts as a
nucleating agent that triggers diffusion reactions at higher
temperatures. This results in increased density and reduced
pore cavities [26]. The diffusion of grains and the reaction of
the nucleating agent help eliminate pores between grains,
thereby reducing porosity and increasing bulk density as the
temperature rises [27].

Conversely, the porosity values are inversely proportional
to the density values. As shown in Figure 4b, the porosity of
each sample is relatively high, surpassing the standard poro-
sity limit for high alumina fire bricks (HA-50) set by ASTM
C134-95 with values ranging from 20 to 24% [28]. This is
consistent with the SEM analysis in Figure 3, which shows
visible empty gaps or pore cavities in the topography of the
refractory brick samples. The high porosity could be due to
insufficient pressure applied during the molding process of
the refractory brick samples, which were subjected to a
10-ton pressure treatment. Chen et al applied a 20-ton pres-
sure treatment during the sample molding process, which had
a notable impact on the physical properties of the bricks [29].
Similarly, Wembe et al used a 16-ton pressure treatment, also
demonstrating a significant effect on the physical properties
of refractory bricks [30].

Regarding the water absorption analysis in Figure 4c, the
variation samples 20/30/50 and 10/40/50 exhibit the highest
water absorption percentage at 16%. These values exceed the
limit for high alumina refractory bricks, as defined by ASTM
C134-95, which sets the maximum water absorption value at
5% [28]. This higher water absorption is directly linked to the
high porosity and pore cavities in the refractory bricks, as
confirmed by both the porosity and SEM analyses. The in-
crease in water absorption capacity correlates with the increase
in porosity and the presence of pore cavities in the bricks [31].

The results of the permanent linear change analysis, pre-
sented in Figure 5a, indicate that the highest shrinkage values
are observed in samples RF20/30/50A and RF15/35/50A,
both of which show a shrinkage of 8%. This shrinkage in
volume is attributed to the heating rate reaction, which leads
to adjustments in the compaction of the mass structure of
these wvariations [32]. These findings align with the
STA analysis results, which indicate that at temperatures
between 100 and 200°C, the material undergoes decomposi-
tion due to the release of compounds.
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Figure 4. Results test of composition variation refiractory:

(a) density; (b) porosity; (c) water absorption analysis

In contrast, at temperatures ranging from 1000 to
1300°C, oxidation of alumina and silica compounds occurs,
resulting in the formation of the mullite phase. Coppola et al
confirmed that shrinkage is linked to dehydration and hy-
droxylation processes occurring between 200 and 500°C. In
comparison, at temperatures between 800 and 1000°C,
shrinkage is primarily associated with softening, viscous
sintering, and structural rearrangement [33].

The observations indicated that samples RF20/30/50A
through RF10/40/50A, which were heated to 1300°C, exhi-
bited higher shrinkage percentages than those treated at
1200°C. This difference is attributed to the varying heating
temperatures, which directly influence the shrinkage. As the
temperature increases, low-melting oxides in clay minerals
are more likely to contribute to the melting of products with-
in the structure, thereby increasing the shrinkage value [34].

Regarding the cold crushing strength (CCS) analysis in
Figure 5b, RF15/35/50A demonstrated the highest strength
value of 26.54 MPa. This superior strength can be attributed
to the high mass density and relatively small number of pore
cavities in the structure of RF15/35/50A. These findings are
supported by the SEM analysis shown in Figure 3¢ and the
density analysis results in Figure 4a.
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Comparison of the variation samples treated at 1300°C
revealed varying CCS values, which can be explained by the
different reactions occurring during the heating process, as
evidenced by the STA analysis in Figure 2.

In contrast, sample variations RF20/30/50B through
RF10/40/50B, which were treated at 1200°C, displayed an
increasing trend in CCS values. This increase can be attribu-
ted to the differences in component composition, as higher
silica (Si0») content tends to lower the compressive strength
of the material [34]. This observation is consistent with the
CCS values obtained for samples heated at 1200°C, as con-
firmed by the XRF analysis presented in Table 2.

The chemical property analysis of the refractory bricks,
as shown in Figure 6, reveals that the variation samples ex-
posed to a sulfuric acid (H2SOs) solution did not exhibit any
corrosive reaction after being reheated at 1150°C. This behav-
ior can be attributed to the composition of the refractory brick
sample, as indicated by the XRF analysis results in Table 2,
which show a dominant presence of SiO,. Silica oxide is
known for its high resistance to acidic environments, effec-
tively inhibiting the penetration of corrosive acid properties.
In contrast, the variation samples treated with a sodium hy-
droxide (NaOH) solution showed signs of blackening after
reheating [35]. This blackened area is likely a result of the
corrosive penetration effect of the alkaline solution interact-
ing with the silica oxide component. Silica is highly reactive
and tends to form bonds or react with other compounds [10].

no
residue

Figure 6. Chemical resistance test: (a) with H:SOy (b) with NaOH

136

This observation aligns with the findings of Barandehfard
et al. and Weinberg et al., who investigated the degradation
mechanisms of corrosion properties [6], [36]. They noted that
after the penetration of corrosive agents, a side wall accumu-
lation or volume expansion may occur, which negatively
affects the material’s resistance capabilities and shortens its
service life. This phenomenon is consistent with the results
observed in the NaOH-exposed samples, where volume ex-
pansion occurred due to the alkaline solution, which left
behind sediment residues from the heating reaction.

Based on the findings and limitations identified in this
study, future research will focus on optimizing the forming
pressure and exploring advanced sintering profiles to further
enhance the microstructural and mechanical properties of the
refractory bricks. The primary objectives are to:

1) systematically investigate the impact of higher forming
pressures (e.g., 15-25 tons) on reducing porosity and improving
density to meet the ASTM standard for high-alumina bricks;

2) develop and apply a multi-stage sintering profile with
specific holding phases to better control mullite crystallization
and grain growth, aiming to minimize residual pore cavities.

The significance of this proposed study lies in bridging
the gap between the promising composition developed here
and industrial-grade performance standards. By addressing
the key processing parameters of pressure and thermal cycle,
this future research aims to translate the sustainable, cost-
effective material formulation into a viable, high-
performance refractory product with consistently superior
mechanical strength, thermal shock resistance, and lower
permeability for demanding industrial applications.

4. Conclusions

The detailed analytical investigation of alumina-based re-
fractory bricks clearly demonstrates that the interplay be-
tween raw material composition and firing treatment parame-
ters critically determines their physical properties, micro-
structural development, and functional performance. Among
the various formulations studied, sample RF15/35/50A,
when subjected to a precisely controlled firing regime at
1300°C, exhibited the highest cold crushing strength (CCS) of
26.54 N/mm?. This elevated mechanical strength is indicative
of an optimized sintering process, resulting in enhanced densi-
fication and robust interparticle bonding that minimizes de-
fects, such as microcracks and porosity, thereby improving the
material’s load-bearing capacity under compressive stresses.

Complementing these mechanical properties, density anal-
ysis identified sample variation two as having the highest
interparticle density of 2.13 g/cm?, suggesting a significantly
reduced porosity and a compact microstructure. This densifica-
tion is critical in enhancing resistance to thermal shock, me-
chanical wear, and chemical ingress, ensuring prolonged struc-
tural integrity in demanding environments. Chemical re-
sistance assessments further revealed that this sample exhibits
superior resistance to acid abrasion, a vital characteristic for
refractory materials exposed to harsh acidic conditions in
industrial processes such as chemical reactors and incinerators.

High-resolution Field Emission Scanning Electron Micros-
copy (FE-SEM) characterization provided deep insights into
the microstructural features of sample RF15/35/50A, revealing
tightly bonded grains with minimal intergranular voids, which
correlate strongly with the observed high mechanical strength.
Moreover, the FE-SEM images confirmed the presence of a
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well-developed mullite (3A1,03-2S10,) phase, formed through
solid-state reactions among aluminum, silicon, and oxygen
atoms during the firing process. The homogeneous and uni-
form distribution of mullite crystals within the matrix is pivot-
al, as mullite’s intrinsic properties, such as high melting point
(~1840°C), low thermal expansion coefficient, and exceptional
thermal and chemical stability, contribute significantly to
enhancing the refractory’s resistance to thermal degradation,
mechanical stresses, and chemical corrosion. This mullite
network acts to reinforce the ceramic matrix by limiting grain
boun-dary sliding and crack propagation, thereby improving
thermal shock resistance and durability.

Collectively, these findings underscore that the careful
optimization of alumina content, supplementary raw mate-
rials, and firing temperature orchestrates the formation of a
dense, mullite-reinforced microstructure, which in turn deli-
vers enhanced mechanical strength, chemical durability, and
thermal stability. Such tailored refractory bricks are therefore
well-suited for high-temperature industrial applications
where materials must withstand aggressive mechanical,
thermal, and chemical conditions over prolonged service
periods, underscoring the critical role of precise composi-
tional and processing control in the development of advanced
refractory materials.
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BrnuiuB ckiay aqioMOOKCHIHUX MaTepiajiB Ta TeMIepaTypu BHNAJTY BOTHETPHBKOI LerJIM Ha (popMyBaHHS MYJITY
J.4. bipasinxa, M. Awmin, A. Micsarro, ®©.X. JIxas, C.Y. lesi, M.K. Hapicsapi, JI.M. Ilytpi

Mera. Y po0oTi 10CTIKEHO BIUTMB BMIiCTY OKCHAY aJFOMiHIIO Ta TEMIIEpaTypH BUIIATY Ha Iporec GOpMyBaHHSI MYJITy Y BOTHETPHBKHX
IeTrJIaX, BUTOTOBJICHUX HA OCHOBI KAOJiHY, TIMHO3EMY Ta BTOPHHHOTO INAaMOTY. MeETOI0 JOCIIDKEHHS € CTBOPEHHS BHCOKOS(EKTUBHUX i
€KOHOMIYHO JIOIIJIbHIX BOTHETPHBKUX MaTepialiB i3 BHKOPUCTAHHSAM MICILIeBOT Ta nepepoOIIeHOT CHPOBHHM.

Metoauka. [{71s BUKOHAHHS OCIHIKEHHS OyJIO MiJIrOTOBJICHO TPH CKJIAAN 3 PI3HUM BMICTOM TJIMHO3eMY, sSIKi (POPMYBaJIM METOJIOM Ipe-
CyBaHH: Ta ciikanu npu temrneparypax 1200 i 1300°C. XimiuHuil cxiia BU3HaYalId METOIOM peHTreHoduryopecienTHoro aHamizy (XRF),
(hazoBuii cknax — peaTreHodaszoruM anarizoM (XRD), MikpocTpykTypy — 3a onomoroio FE-SEM/EDX, a TepMiuHy MOBEIiHKY — METOAaMH
CHHXPOHHOTO TepMiyHOTOo aHamizy (STA). MexaHi4HI BIaCTUBOCTI BU3HAUYAIIM 13 BUKOPUCTAHHSM YHIBEPCAIbHOI BUTPOOYBANBEHOI MAIIMHU
(UTM), a XiMi4HY CTIHKICTB OI[IHIOBAJIM IIUITXOM BHTPUMYBaHHA 3pa3kiB y po3unHax H2SO4 Ta NaOH.

PesyabTaTtu. BctanoBiieHo, 110 MMiBHUIEHHS BMICTY TJIHHO3eMY Ta BHman npu Temmneparypi 1300°C cnpusioTs iHTeHCHiKarii popmy-
BaHHS MYJITY, 1[0 3YMOBJIIO€ 3pOCTaHHS MEXaHIYHOI MIITHOCTi, 00’€MHOI IIIJIBHOCTI, @ TAKOXK CTIHKOCTI A0 TEPMIYHHX YIapiB 1 XiMiuHOL
kopo3ii. Hafikparui moka3HUKH IPOAEMOHCTPYBaB BOTHETPUBKHIN MaTepiai i3 BMicToM 35% riumHo3emy, Bunanenunit npu 1300°C, ais skoro
JOCATHYTO MaKCHMallbHy MEXKy MIlHOCTI Tpu cTHCKy (26.5 H/MM?) Ta 06’eMHY miinbHicTh 2.13 r/cM®, 10 CBimYUTL TIPO ONTUMANbHI
eKCIUTyaTalliiHi XapaKTepHCTHKY.

HaykoBa HoBM3Ha. HOBWM3HA JOCIIKEHHS MOJATAE y IUIECIPSIMOBAHOMY BHKOPHCTaHHI BTOPHHHOTO IIAMOTY HE JIMIIE SIK iHEPTHOTO
HaTIOBHIOBAYa, a K (YHKIIOHAJIFHOTO MOMEPEIHIKA MYJITY, [0 B3a€EMOIE 3 MIiCIIEBUM KaOJIIHOM 1 MiIBHUINY€e e)eKTHBHICTH crikaHHs. Lle
MATBEP/HKEHO BUCOKMMHU MEXaHIYHUMH Ta (i3MIHAMH MOKa3sHHKaMu ckiamy 3 35% rimHozeMy, BumaneHoro npu 1300°C, mo Bkasye Ha
MOJKJIMBICTh OTPHMAHHS BUCOKOSKICHIX BOTHETPHUBIB 3 €KOJIOTIYHO CTAJHX JHKEPET CHPOBUHH.

MpakTuuna 3HaYnMicTh. OTpUMaHi pe3yNbTaTd CTBOPIOIOTh MPAKTHYHI MEpeIyMOBH JJIs BUPOOHUITBA SKICHUX BOTHETPUBKUX MaTe-
piajiB i3 BUKOPUCTaHHIM MicIIeBOI Ta mepepo0iIeHoT CUPOBUHH, 3MEHIIYIOYH 3aJISKHICTh Bijl YUCTOTO TIIMHO3EMY Ta CIIPUSIOUN €KOJIOTIUHii
CTaJIOCTi BUPOOHHUIITBA.

Knwuogi cnosa: socnempuska yeena, mynim, sunpodyeanis, anauis, iuHo3em
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