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region in western Iraq and improved through the formation of non-dense mullite.
Results showed that increasing the coarse Bauxite addition rate in the mix led to a
simultaneous rise in bulk density and porosity, highlighting the importance of
coarse fraction engineering. Porosity decreased markedly from 27.8% in pure flint
t0 9.18% at 20% bauxite, while density increased from 2.08 g/cm?® to 3.0 g/cm? at
40%, due to the development of an interconnected of mullite phase at 20% with
minor corundum formation at 40%. At higher bauxite additions (30-40%),
porosity increased again. Water absorption followed the same trend, decreasing
sharply at 20% and rising at higher contents. Thermal expansion reached its
maximum at 20% bauxite, then gradually decreased at 10%, 30%, 40%, and pure
flint compositions. This trend is attributed to mullite formation from bauxite

particles, which enhances dimensional stability at high temperatures. Specific heat
capacity was highest in more porous samples (pure flint and 30-40% bauxite),
indicating greater thermal energy storage, while the lowest value occurred at 20%
due to its denser structure. Overall, controlling bauxite content enables precise
tuning of refractory properties for high-temperature applications.

alumina refractory

© 2026 MIM Research Group. All rights reserved.

1. Introduction

The Husseiniyat region in Western Iraq is rich with flint deposits that serve as promising refractory
raw material in different types. together with bauxite and kaolin ores extracted from the same
locality [1,2]. Flint has been processed to develop refractory bricks of high efficiency such bricks
are particularly suitable for lining industrial furnaces [3,4], especially in high-temperature
industrial environments. Flint- based silica (<93% Si0) is an essential element in the manufacture
of refractory bricks used in metallurgy, glass, and chemical furnaces, due to its excellent resistance
to thermal shock and high mechanical strength under thermal stress [5,6]. Its strength and
durability are attributed to its crystalline structure, which allows it to remain solid over wide
temperature ranges. [7,8]. However, several technical limitations arise when using flint refractories
under harsh operating conditions [9]. First, at high temperatures, the phase transformation from
quartz to cristobalite occurs, accompanied by a sudden volumetric expansion that generates
internal thermal stresses, leading to cracking and premature failure of the brick [10,11]. Second,
flint's lack of cohesive crystalline phases such as mullite and corundum phases reduces its
structural stability and resistance to thermal shock [12]. Third, the formation of a glassy phase
during firing leads to increased open porosity and decreased density, negatively impacting the
brick's resistance to corrosion and melting inside the kiln. [13,14] Liquid-phase sintering occurs
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when a small number of liquid forms during firing and promotes particle rearrangement, pore
filling, and densification. In alumina-silica refractory bodies, this liquid phase may assist bonding
and mullite formation, but excessive liquid can increase deformation and reduce high-temperature
stability.[15]

Previous research has explored different approaches to improving silica- and flint-based refractory
materials by introducing alumina-rich or sintering-promoting additives. Several international
studies have used fine alumina, zirconia, or waste glass to enhance densification and stimulate
mullite formation. Although these additions generally produced denser ceramic bodies, the
resulting compact microstructures were often associated with reduced tolerance to thermal shock.
Hadi [16] investigated the improvement of flint-based refractory compositions through the use of
refined flint fractions and combinations with kaolin and alumina-bearing materials to encourage
mullite development. However, that work mainly relied on fine powders below 75 um, which
favored densification but also produced relatively compact structures with limited ability to
accommodate thermal stresses. Sadik et al. [17] reviewed silica-alumina refractory systems and
highlighted the main limitations of silica-rich raw materials such as flint and quartz, particularly
their tendency toward high shrinkage and poor thermal shock resistance at elevated temperatures.
They reported that the incorporation of alumina sources, including bauxite and calcined alumina,
can promote the formation of mullite and corundum, decrease the proportion of the glassy phase,
and improve dimensional stability. Their review also emphasized that the final performance of
silica-alumina refractories depend strongly on the SiO,/Al,0; ratio and the particle size
distribution of the starting materials. In a related local study, H. Al-Taie et al. [18] prepared semi-
silica refractory bricks from Iraqi raw materials by combining natural silica sand with kaolin clay.
Their work demonstrated that increasing the firing temperature improved sintering, lowered open
porosity, increased bulk density, and promoted the formation of cristobalite with a limited amount
of mullite. These changes enhanced the mechanical and thermal performance of the produced
bricks, confirming the suitability of Iraqi silica-kaolin compositions for industrial refractory
applications. Most previous studies focused on fine powders to improve firing and phase formation,
while the possible role of coarse particles in modifying packing geometry, pore structure, shrinkage
behavior and crack propagation pathways remained largely overlooked [19]. This represents an
important research gap, since coarse aggregates can influence not only densification but also
thermal stability and damage tolerance under high temperature service conditions [20]. Therefore,
the present study was designed to address this gap by incorporating coarse Iraqi bauxite fractions
with a particle size of <1.20mm into flint based refractory compositions containing a fixed 10%
kaolin addition. Bauxite was added in different proportions ranging from 10-40wt% as a local
alumina rich source. Unlike previous studies that mainly relied on fine alumina additions, this work
intentionally introduced a coarse bauxite component to modify the phase assemblage and
microstructural arrangement of the fired bodies. Through this approach, the formation of mullite
rich structures with a relatively loose and interlocked morphology was targeted. Such a
microstructure is expected to provide a balance between densification-controlled porosity,
shrinkage and improved resistance to thermal damage. Accordingly, this study proposes a different
route for optimizing flint based refractory bricks by using coarse Iraqi bauxite, while also
supporting the broader utilization of local Iraqi raw materials in high temperature industrial
applications.

2. Experiments Steps

The Flint and bauxite rocks were sourced from Husseiniyat area, located in Heet district in Anbar
governorate, while kaolinite was obtained at Al-Duwaikhla area in the Anbar’s western desert, as
seen in (Table 1). The raw materials were crushed manually and with a jaw crusher, then sieved
using an electric shaker device to the required particle diameters. Flint was calcined at 1200 °C to
produce grog (medium 1- 0.6mm) and (fine < 0.8mm), while bauxite was (<1.20mm) and calcined
at 1400 °C. Chemical analyses (XRF) were performed using X-Ray Fluorescence to determine the
oxides compositions of the raw materials. Refractory mixtures were prepared from flint with
varying coarse bauxite contents (10-40 %) and with unchanged 10 % kaolin powder (<0.76 mm).
Distilled water (10 %) was used as a binder. Flint-bauxite refractory samples (5 cm diameter x 1
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cm thickness) as in Fig. 1 (for different tests but only the small samples with 5cm diameter*1 cm
thickness) as labeled in figures with black arrow, were formed using high-hardness cylindrical steel
molds treated with paraffin oil as a lubricant and pressed uniaxially with a hydraulic press at
approximately 15 MPa. The samples were allowed to dry at ambient temperature for 24 hrs, then
at 110 °C for 6 hrs, and finally fired at 1350 °C subjected to a three-day heating cycle in an electric
furnace as in Fig. 2.(each test done with 5 percent of Flint -bauxite-10%Xkaolin refractory).

Limitations: For thermal conductivity and specific heat capacity measurements, one representative
specimen was tested for each composition. Therefore, the reported values represent single-
measurement results rather than mean values, and standard deviation/error bars were not
calculated for these specific measurements. This limitation was related to the limited availability
of raw materials from the Husseiniyat area in western Anbar and the practical constraints
associated with conducting the tests outside Iraq. After a firing, the flint-based refractory with
different ratios of coarse bauxite -and fixed kaolin ratio as 10%, XRD (X-ray Diffraction) and SEM
(Scanning Electron Microscopy) are used for crystal phase identification and microstructure
analysis.

Coarse Bauxite Fine Flint Medium Flint

Fig. 1. Show flint -Refractory-Raw materials (coarse bauxite, medium flint, fine flint)
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Firing Program for Flint-Bauxite-Kaolin Refractory
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Fig. 2. Firing program

Table 1. Characterization of the chemical constituents of raw materials

Oxides Flint natural% Fired Flint % Firing Bauxite  Unprocessed Kaolin %
Si0; 42.05 40.05 17.08 49.38
Alz03 38.70 5291 74.19 32.72
Fe,03 0.88 1.10 1.37 2.07
TiO: 2.20 2.65 3.65 1.08
Ca0 1.50 0.05 0.28 1.19
MgO 1.0 0.01 0.02 0.18
Na;0 0.1 0.02 0.02 0.22
K20 0.10 0.02 0.02 0.44
SO3 0.03 0.02 0.03 0.05
L.O.1 11.90 1.5 1.1 12.3

3. Physical Tests
3.1. Water Absorption, Porosity and Density

Bulk Density, Porosity and Water Absorption were all determined using the Archimedes method
on cylindrical samples. First the mass of sample was calculated when the sample is dry, second, it's
calculated when the sample is wet, finally when the sample suspended in water. According to ASTM
(C373) each of these concepts were measured according to the relationships:

Apparent porosity (A.P) % = (T:;%md) * 100 (1)
Bulk density (A.D) = (m:fni) * pW (2)
Water Absorption (W.A) % = (%;nd) * 100 (3)

Where; mg: mass of sample when it dry(g), Mi: mass of sample when immersed(g), Ms: mass of
sample when it wet (g), and pw: water density (g/cm?3)

4. Thermal Tests

4.1. Thermal Expansion Test

The thermal expansion test was calculated by heating one ends of flint sample then record the
amount of increase in length at the other end by utilizing high sensitivity digital meter, the
maximum operating temperature is (800°C), the flint samples has been used as cylindrical sample
with 10mm in diameter as in ASTM(C210). The thermal expansion calculated as in:
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a = (4L/Lo)1/AT (4)

Where; Lo: the original length of the specimen (mm), AL: the change in length (mm), AT: the
change in temperature (°C).

4.2. Specific Heat Capacity

Conforming to ASTM (C351) can be calculate the specific heat capacity utilizing Calorimeter using
mixing method. As shown in fig.3-6. below, the specific heat capacity measured as in following
equation:

ms CPs (TS — T2) = mw CPw (T2 —T1) + mC CPc (T2 —T1) (5)
Where; ms, my, mc = the mass of sample , Calorimeter ,and water in (g), Ts=temperature (100)°C

T, ,T1 = initial and final temperature for water (°C ), Cpw = specific heat capacity for water (J/kg.°C),
Cpc = specific heat capacity for calorimeter(J/g.°C)

5. Results and Discussions
5.1.XRD Analysis

In XRD- analysis was performed to identify the crystalline phases formed after firing. The analysis
was carried out using a Bruker X-Ray diffractometer (Germany) with Cu-Ka radiation the over
range 10-80° with step size of 0.02° and scan rate of 2°/min. Test were subjected for each of Flint
and Bauxite Iraqi Raw Materials as in Figs 3 and 4 below. these figures above represent flint raw
and Bauxite raw materials after calcinations in their temperatures, The X-ray diffraction pattern of
the flint raw material after calcination at 1200°C in fig.3. Quartz is the most abundant crystalline
phase in the sample shown in fig. above due to the fact that it contains a large amount of silica
(Si02), which is thermally stable within this temperature range. The presence of kaolinite can be
seen [22]. A significant kaolinite's characteristic peaks indicates that the clay mineral has
undergone the typical dehydroxylation process associated with kaolinite. Dihydroxylation occurs
when kaolinite loses its structural hydroxyls and changes into an amorphous phase called Meta
kaolinite [23]. The flint has such a low alumina content that there is little to no structural
reorganization to produce mullite, and at 1200 °C the temperature is too low to allow mullite to
form from most low-alumina materials, so there are no mullite related peaks shown on the XRD
fig.3. While in fig.4 showed that the bauxite raw materials consist of boehmite, kaolinite, when
burning at 1400 °C which have alumina combined with silica to formed a mullite phase [24].

Q = Quartz
g K = Kaolinite
2000]
= K 24.8
2 K Q
= 1000}
350 383
0 1 1 n 1 1 L 1 L 1
5 10 15 20 25 30 35 20 25
2Theta

Fig. 3. For flint raw material at1200°C
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Fig. 4. For bauxite raw material calcined at 1400°C

The pure samples as shown in fig. 5 A pure flint refractory consist of 90% calcined Flint with 10%
of kaolin only so it had highest percentage of Quartz (Si02) phase as indicated by the sharp peak as
well as cristobalite phase due to thermal transformation of flint (amorphous silica) upon firing
process 1350 °C with presence of high amount of glassy phase formed due to silica in flint raw
material and kaolin clay. No mullite phase peaks were observed, indicating insufficient Al1203
content to form this phase the micro-structure is expected to show large quartz grains surrounded
by a silica-rich glassy phase with Cristobalite.

In fig. 6. for Flint- 10% of kaolin with 10% coarse bauxite particles as additives that enhanced the
alumina content, which to the initiation of mullite phase formation. Distinct mullite peaks were
observed at several angles Indicating the initiation of the solid-state reaction between Al,03 and
Si0.. Fig. 6. For flint-10%Dbauxite refractory brick.

As in fig. 7. The (20%-30%) specimens revealed a clear development of the mullite phase, as
indicated by the same prominent peaks at several peaks with slight decrease in cristobalite was
observed. For 40% flint refractory as in fig.8., The highest bauxite content resulted in the richest
crystalline composition in terms of the phases formed mullite peaks strongly dominated as in fig.
8, along with prominent corundum phase peaks.
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Fig. 5. For pure flint -10% kaolin refractory brick
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5.2. SEM Analysis

The SEM micrographs provide microstructural evidence that supports the phase changes observed
in the XRD patterns. The microstructure for pure flint refractory is expected to exhibit coarse
quartz grains dispersed within a silica-rich glassy matrix, reflecting the limited transformation of
the silica phase during firing with presence of pores as seen in fig. 9 above. In fig. 10 both Quartz
and cristobalite remained present, the structure is expected to contain of an initial formation of
mullite needles phase with residual quartz and cristobalite phases with some few pores, Indicating
the beginning of crystallization of excess alumina under the electron-microscope.as in fig. below.
While for 20% SEM has dense mullite phase needles like shape as interlocked with traces of quartz
and appearance of cristobalite grains were expected without pores as showed in SEMfig.11 in
below.

In fig.12.For 30% flint refractory which has the same XRD analysis with 20%, while SEM analysis
revealed a clear formation of mullite phase, along with Weak peaks of Corundum phase appeared,
which may be due to partial firing of excess alumina. The microstructure is expected to include a
complex interpenetration of mullite phase as poor interlocked needle -shape, and some few peaks
for corundum with pores. Mullite is regarded as a crucial phase in clay-based refractories, as its
formation significantly contributes to the overall performance and stability of the ceramic body.
The presence of mullite reflects a proper development of the flint refractory structure during firing

: Cristo

—

S Te>pores

TEM MAG. 2 09 0 Y VEGAR TESCAN

AL 2 T u

Fig. 9. SEM for pure flint refractory

Fig. 10. SEM for flint-10%Bauxite refractory
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Fig. 13. SEM for flint-40%Bauxite refractory

In SEM fig.13 below, indicating clear crystallization of excess alumina. Cristobalite was observed,
but at a lower concentration. the micro-structure is expected to exhibit poor interlocked mullite
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phase with shape like needles, angular corundum grains and large pores. There are some regions
containing remnants of a glassy phase. The data indicate a mature refractory structure with high
crystal stability. As seen from the SEM results it can be arranged as following chart:

Coarse bauxite particles + hard siliceous flint matrix

|

limited particle rearrangement during pressing

|

particle bridging + wall friction + non-uniform green density

|

incomplete sintering + residual free silica transformations

|

microcracks + intergranular gaps + open porosity

|

increased apparent macroscopic porosity

Fig. 14. Show the mechanism for porosity in flint-bauxite refractory

5.3 Physical Properties, Porosity, Density and Water Absorption

The study of physical properties such as apparent porosity, density, and water absorption is a
crucial tool in assessing the quality of refractory materials.in the studied system, the kaolin content
was fixed at 10%, while the coarse bauxite content was gradually adjusted from 0% to 40%.the
physical properties showed correlated changes with the development of the crystalline below. The
pure flint specimen possessed the highest porosity among all the compositions (27.8%), a relatively
low density and a high-water absorption. These values are due to the absence of any additional
alumina source capable of forming high-density crystalline phases such as mullite or corundum
phases as seen in (XRD fig.5, SEM fig.9). Also, the limited plasticity for flint with volumetric changes
associated with residual free-silica transformations during firing and cooling results in a
combination of high porosity, low density, and high-water permeability.

16%
14%
12%
10%

ion %

8%
6%
4%
2%
0%

water absorpt

0% 10% 20% 30% 40%
bauxite addition%

(a)

10
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Fig. 15. (a) Apparent porosity, (b) Apparent density, and (c) water absorption for flint-Bauxite
refractory

However, with increasing the addition of 30% and 40% bauxite, the porosity increased again to
16.2% and 18.15%, respectively. This increase is related to the increased coarse grain size of the
bauxite and crystal growth at firing in final stage, led to the generation of large intergranular pores
that were not fully closed as seen in (Fig. 7, XRD and SEM Fig. 12 for 30%, and Fig.8 for XRD, Fig. 13
for SEM), in addition to the retention of a portion of the glassy phase between the grains [27].
Concerning the bulk density, a gradual increase was observed from 2.08 g/cm® in the pure
refractory to 3.02 g/cm?® at 40% bauxite. This increase reflects the effect of both the high density of
bauxite (3.45-3.50 g/cm?®) and the generation of high- density phases like mullite phase and other
identified phases corundum phase as seen in XRD (Fig. 8, and SEM Fig. 13). Even in flint refractory
with high porosity, the density maintained relatively high values due to the presence of these heavy
phases [28]. The water absorption rate followed the trend of apparent porosity, recording its
highest value in the pure sample (14%) due to the abundance of open pores. It then gradually
decreased to reach its minimum (4.27%) at 20% bauxite, as most of the pores were closed through
recrystallization [29]. At higher bauxite percentages, it increased again, coinciding with the
increase in open porosity, allowing for greater water absorption [30]. The marked increase in
apparent porosity at higher bauxite additions should be interpreted as a combined effect of
forming-related and firing-related mechanisms rather than being attributed to a single factor. The
presence of coarse bauxite particles can reduce packing uniformity and promote particle bridging
during uniaxial pressing, while the hard siliceous flint matrix limits particle rearrangement and
green densification. During firing at 1350°C, incomplete sintering, residual free-silica
transformations, and local thermal stresses may further generate intergranular gaps, microcracks,
and open pores. Therefore, the macroscopic porosity increase in the 30% and 40% bauxite samples

11
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reflects the cumulative contribution of coarse-particle packing, non-uniform densification, and
microstructural defect formation This interpretation is consistent with the SEM observations,
where the high-bauxite samples exhibited more irregular open pores, intergranular gaps, and less
uniformly bonded regions around coarse bauxite-derived particles. It should be noted that the use
of relatively coarse bauxite aggregates, with particle sizes up to approximately 1.20 mm, in small
cylindrical specimens may introduce some forming-related heterogeneity during uniaxial pressing.
The interaction between coarse angular particles and the mold wall can promote wall friction, local
particle bridging, and non-uniform pressure transmission within the compact. Consequently, slight
density gradients and localized open pores may be generated in the green body, particularly at
higher bauxite contents. Therefore, the measured apparent porosity and density should be
interpreted as representative of the present laboratory-scale forming conditions rather than as
direct values for full-size industrial bricks. Nevertheless, this effect is also relevant to the aim of the
present study, since the intentionally coarse bauxite fraction was used to evaluate its influence on
pore development, densification behavior, and thermal performance of flint-based refractory
bodies.

5.4. Thermal Properties
5.4.1 Thermal Expansion

As seen in (Fig. 16) The pure grade of flint-10% kaolin sample demonstrated the lowest thermal
expansion, primarily due to its high porosity (26%). The interconnected pore network absorbed
internal thermal strains, thereby reducing the measurable external expansion [30].

40
35 //K
30

/'( /x {e=20% Bauxite

25 )

20 / / 10% Bauxite

15 // 30% Bauxite
o —8—40% Bauxite

=@==Pure (0%)

Linear Thermal expansions *10-2 1/C

0 25 200 400 600 800

Temperature C

Fig. 16. Thermal expansion results for flint refractory

An increase in thermal expansion was observed in the compositions containing 20%, 10%, and
30%Ilraqi bauxite. At 20% bauxite content, the flint refractory sample exhibited the lowest porosity,
while mullite phase developed as interlocked packed phase with porosity9.18% in distinctly at the
expense of the glassy phase as seen in fig.7, fig.11[31]. The dominance of a dense and
interconnected crystalline network led to the highest CTE among all samples. The 10% of flint-
bauxite Iraqi refractory exhibited higher porosity than 20% and retained a larger fraction of the
glassy matrix; hence its expansion was lower than 20%, despite the onset of mullite phase
formation as seen in (fig.6, fig.10). In the 30% Iraqi flint bauxite refractory, the loosely packed
interlocked of mullite phase growth continued as seen in (fig.7, fig.12), but the rise in porosity
slightly reduced the overall expansion compared with 20%, and 10%resulting in an intermediate
CTE [32,33]. A reduction in thermal expansion was recorded for the 40% bauxite and pure (0%
bauxite) flint refractory [34]. At 40% bauxite, of loosely packed interlocked of mullite and
corundum phases were abundant as in (fig.8, fig.13), yet the presence of open porosity and
mismatches at grain boundaries absorbed part of the expansion, lowering the measured value
relative to the 10%-30% range. The pure Iraqi flint refractory showed the lowest CTE overall,
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explained by its very high porosity which inherently restrict bulk expansion through a reduced
solid fraction and higher structural compliance [35].

5.4.2. Specific Heat Capacity

As seen in (Fig. 17), the pure flint refractory (flint + 10% kaolin) showed a high specific heat
capacity (760 J/kg. K) due to its high open porosity (27.8%) and the dominance of the siliceous
glassy phase, which slowed down heat transfer within the structure and increased its thermal
energy storage capacity [36]. The glassy phase, thanks to its random structure, along with
crystalline phases such as quartz and cristobalite as shown in (Fig. 5, Fig. 9), contributes to the
overall high specific heat capacity. [7,8]. The flint refractory -10% and 20% bauxite-10% kaolin
refractory showed a lower specific heat capacity relative to pure refractory [37], this due to
reduction of glass phase and the concurrent production of dense crystalline phases including
mullite phase, along with the dominance of quartz and cristobalite phases. These phases as seen in
(Fig. 6, Fig.SEM.10., Fig.7, Fig. SEM 11) have high heat capacity (for mullite 77.1 J/mol.K) but the
decrease in porosity (16.4%) at 10%and (9.18%) at 20% was not sufficient to compensate for this
deficiency [38].

1000
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700 e
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500
400
300
200
100

0

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Bauxite Addition %

Specific Heat Capacity( J/kg.K)

Fig. 17. Specific heat capacity for flint-refractory

In 30%-40% flint refractory 10%kaolin, exhibited a high specific heat capacity (810 ]J/kg. K) and
(890 J/kg. K). So, among all the ratios these value appear due to a significant increase in the mullite
phase as the main phase, with a lower percentage of corundum and the remaining cristobalite and
a limited amount of glassy phase as seen in (Fig. XRD7 ,Fig. SEM 12)for30% and (Fig. 8 XRD, Fig. 13
SEM)for40%. Mullite and corundum are thermally stable and exhibit moderate heat storage
capacity, but the relative porosity (16.2% at 30%) and (18.15% at 40%) of this flint refractory
played a significant role in increasing the ability to absorb and trap thermal energy within the
internal voids. This porosity allows for a larger internal surface area for energy absorption, while
the remaining glassy phase contributes to the increased heat capacity due to its irregular structure,
which supports large-scale atomic vibrations, improving the absorption of thermal energy before
it diffuses through the structure [38].

Specific heat capacity values are likewise affected by porosity and grain size: materials with higher
porosity tend to show increased heat storage due to trapped air and discontinuous phases, while
denser matrices dissipate heat more effectively.

6. Conclusions

e The 30% and 40% bauxite flint refractory recorded the highest specific heat capacity values
(810 and 890 J/kg. K) due to the complementary interaction between the thermally stable
crystalline phases (mullite, corundum, and cristobalite) and the distributed open porosity
(16.2% and 18.15%). These synthesis bodies exhibited enhanced structural integrity and
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thermal stability indicators implied by their phase evolution as densification behavior,
porosity reduction and thermal property trends.

e The porosity provided efficient factors for absorbing and trapping thermal energy especially
for high percentage of bauxite at (30-40) %

o This increase in specific heat capacity results, as increased porosity that slows heat transfer
despite increasing heat storage capacity.

o At 20% of flint-bauxite refractory showed the best densification behavior with lowest
apparent porosity 9.18% and lower water absorption together with clear increase in bulk
density. this indicates improved particle packing and stronger reaction of firing process in
different way than higher bauxite additions generated more open intergranular pores.

e Thermally,20% appeared more higher response for thermal expansion and lowest of specific
heat capacity. this behavior is linked to the clear formation of interlocked of mullite phase
accompanied by residual cristobalite with reduced glassy phase/quartz phases, so, it has the
poorer thermal performance compared with 30%-40%flint refractory which can be better
relieve thermal stresses through their open pore structures.

e This demonstrates that optimizing the generation of crystalline phases while retaining
sufficient porosity effectively improves the thermal behavior of refractories at elevated
temperature applications.
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