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Abstract: The use of solid waste such as ceramic sludge, ceramic rollers, and magnesite was studied to
obtain cheap refractory ceramics at temperatures of 1300 °C based on XRF, XRD SEM, EDX, bending
strength, and dielectric properties. The prepared samples were examined. The results showed that
the significant crystalline phases formed were mullite, spinel, and corundum. They also showed that
mullite hindered the formation of cordierite and enhanced spinel formation. With increased cordierite
content, the microstructure varied from fine grained to coarse grained. Bending strength increased
with increasing mullite content and bulk density, ranging from 10.80 to 13.50 MPa. Bulk density
increased with the increase in mullite content and sintering temperature and ranged from 1.99 to
194 ¢/ cm?, while the percentage of porosity and water absorption decreased and ranged from 29.40
to 38.83, respectively. To examine the effect of the produced phases on the dielectric characteristics,
the permittivity (¢’), dielectric loss (¢'’), and AC conductivity (0ac) were measured in the frequency
range of 101 Hz to 10° Hz. As the concentration of cordierite increased, there was a noticeable drop
in ¢’ from 35.6 to 8.2 and 04 from 1078 s/cm to around 10711 s/cm and high values of resistivity
from 108 cm/s to about 101 em/s, suggesting that this material might be an excellent insulator.

Keywords: solid waste; bending strength; electrical properties; densification; microstructure

1. Introduction

As civilization develops, living standards progress; thus, the production of indus-
trial solid waste, which has a negative impact on the environment and public health,
increases [1,2]. Recycling waste materials is a good choice as a well-established solid waste
management method for producing high-value products.

Solid waste is also produced during the various processing stages of the ceramic
manufacturing process, such as raw material grinding, fired product burnishing, and end
product shorting (quality check) [3,4]. A more suitable waste management strategy is to
recycle this waste into raw materials for another sector. Because these waste materials
are frequently dumped in landfill and take up a considerable amount of space, they may
constitute a hazard to the environment [5-7]. With the growing awareness of environmental
protection, the safe removal and resource utilization of ceramic waste has become crucial.

Waste ceramic (WC) is mainly created from ceramic production. There are numer-
ous varieties of WC, including ceramic tiles, sanitary wares, ceramic electrical insulator
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waste, ceramic sludge, and ceramic rollers. Quartz, feldspar, clay, sand, and other natural
ingredients are fired to create ceramic tiles [8-10].

Sludge from the production of ceramics is one type of waste made of ceramic materi-
als; it primarily consists of components based on silico-aluminous materials (>50%) and
typically has low levels of heavy metals. This kind of waste is related to the production of
ceramics and is frequently disposed of inadequately despite being a substantial source of
additives in producing bricks and other materials if new mixes are properly planned. Its
composition is comparable to the basic clayey materials used to make bricks. SiO,, Al,O3,
oxides of alkaline and alkaline earth metals, and trace amounts of heavy metal oxides such
as cadmium, lead, and chromium are the main ingredients of ceramic sludge [11-15].

The primary piece of equipment for firing ceramic tiles is regarded as a roller kiln.
Roller kilns are preferred over tunnel kilns because they are more affordable and efficient,
maintain constant heat and temperature, and may be utilized for rapid firing operations [16].
The size of the output that will be fired in it is determined by the gap between the rollers [17].
Because of how they operate, roller kilns adversely affect the environment, and surface
grinding of their rollers is required periodically to remove any residue. The rollers are
manufactured mostly from alumina. The primary causes of contamination are either alkali
salt precipitation during the condensation phase in the kiln’s cooling zone or glaze seeping
from tile edges. These alkali salts are used to imbue ceramic tiles with unique characteristics.
The fact that this trash is stored outside poses a severe risk to human health [18,19]. Mullite
(8Al1,05:25i07) or alumina-mullite formations are typically found in kiln rollers. The
primary justifications for using both kiln roller materials are alumina’s high strength and
mullite’s strong creep strength at increased temperatures [20].

Refractories are the fundamental materials used in the furnace and oven industries.
Recently, with increased demand for saving energy and reducing CO; release, more em-
phasis has been placed on lightweight refractories. Traditionally, the use of lightweight
refractories for the working lining of high-temperature furnaces has been limited due to
their large pore size and uneven pore size distribution, which results in low strength and
low thermal shock resistance. These refractories are created using a standard powder
processing method with the addition of some pore-forming agents [21].

Understanding the thermo-mechanical behavior of refractory materials is crucial for
their usage as linings in high-temperature furnaces and refining vessels in the cement,
metallurgical, and petrochemical industries. The increasing utilization of finite element
computations to predict behavior under real-world conditions necessitates understanding
mechanical properties closely linked to damage evolution at elevated temperatures, which
aligns with the materials’ application area [22].

The development of fast-firing systems currently permits the creation of cordierite—
mullite refractory composites using affordable technology. Two examples of technically
significant ceramic materials with various uses are cordierite and mullite [23].

Refractory materials made of cordierite and mullite are widely employed as furnace
support elements in the production of ceramics. They undergo several temperature cycles
while accounting for their service circumstances. These materials have a complicated
microstructure with a silicate glassy phase surviving and crystalline phases with differing
elastic characteristics and mismatched thermal expansion. Some microstructural phenom-
ena are present, as in many multiphase refractories, which result in internal stresses and
damage during cooling. The primary source of these occurrences is variations in thermal
expansion properties [24].

Alumina substitution may be viable because of cordierite’s excellent thermal shock
resistance, low thermal expansion coefficient, and high chemical and thermal stability [25].
However, several of the envisaged applications are limited by the poor mechanical charac-
teristics of cordierite [26-30]. Mullite, on the other hand, has better mechanical qualities
both at room temperature and at higher temperatures [23].

To create premium mullite-based refractory ceramics at 1500 °C, up to 40 weight
percent of ceramic waste and 60 weight percent raw bauxite can be used. The mechanical
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characteristics increase when the percentage of ceramic waste decreases [31]. Refractory
ceramics were made from leftover alumina and clay materials heat-treated in a traditional
furnace between 1300 and 1400 °C, with a dwell period of two and three hours at the highest
temperature and a heating rate of 5 °C/min. Prior to heat treatment, the formulation with
the highest concentration of fluxing oxides showed the most linear shrinkage according to
the data. Mullite was identified as the predominant phase following XRD analysis, and
SEM revealed needle-shaped crystals that were characteristic of mullite and were derived
from clay minerals. The specimens’ physicomechanical characteristics were enhanced by
raising the firing temperature and staying at the highest temperature for a longer period of
time. Between 25 and 1000 °C, the thermal expansion coefficient (TEC) varied from 6.2 to
6.9 x 107°°C~1[32].

Compared to metals, ceramics have incredibly low electrical conductivity because
of ionic—covalent interaction, which inhibits the creation of free electrons. Most ceramic
materials are dielectric, so they can support an electrostatic field even though they have very
low electric conductivity. The electrical conductivity of ceramics varies with the applied
field frequency and temperature. This can be attributed to the frequency dependence
of charge transport processes. Furthermore, it is also feasible to understand the kind of
mechanism responsible for conductivity from AC conductivity data.

The ability of a material to transport an alternating current, or the dielectric constant
(concerning vacuum conditions), is another crucial characteristic of dielectric materials. The
dielectric constant of the dielectric material used in a capacitor is directly proportional to
its capacitance [29]. Capacitors, resistors, and insulators are made from dielectric ceramics.

In order to evaluate the dielectric and electrical properties of the ceramic rollers and
ceramic sludge used in manufacturing mullite and cordierite refractories fired at 1200 °C
and 1300 °C, we aimed to figure out a possible low-cost material for electronics-related
applications. Dielectric spectroscopy is an essential instrument for examining the electrical
and dielectric properties of prepared samples. Thus, the dielectric parameters such as
AC conductivity (0,c), permittivity (¢'), dielectric loss (¢”), and the electric loss modulus
(M""), were measured at room temperature and over a wide range of frequencies, from 10~
to 10° Hz. Samples were prepared using a parallel plate capacitor design between two
gold-plated stainless-steel electrodes.

The novelty of this research is investigating the possibility of utilizing local industrial
and mining waste, represented by ceramic sludge, a ceramic roller, and magnesite, in
producing low-cost, valuable, and economic refractory ceramics such as mullite, spinel,
corundum, and cordierite phases at low temperatures in a clean manner, protecting the
environment from this harmful waste.

2. Results and Discussion
2.1. Chemical Composition of the Studied Materials

Table 1 illustrates the significant oxides for ceramic roller waste, ceramic sludge,
magnesite, and silica sand. The ceramic roller is composed of alumina, silica, and zirconia
at 60, 28.19, and 6.95%, respectively. Minor and trace amounts of other oxides are exhibited
in Table 1. The phase composition of the roller waste is displayed in Figure 1a, and it was
confirmed that four phases were detected as mullite (AlgSi;O13), corundum (Al;O3), and
baddeleyite (ZrO;) in descending order. These phases ensure that the primary chemical
composition is alumina, silica, and zirconia phases.
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Table 1. Chemical composition (XRF, expressed as wt.% oxide) and loss of ignition (LOI) (%) of the
ceramic roller, ceramic sludge, magnesite, and silica sand.

Main Constituents

(Wt%) Ceramic Roller ~ Ceramic Sludge Magnesite Silica Sand
SiO, 28.19 77.32 2.85 98.35
AL O3 60 7.6 1.94 1.24
Fe; O3 0.76 0.35 1.28 0.26
TiO, 0.52 0.52 - -
MgO 0.3 1.03 36.92 -
CaO 0.3 7.23 8.56 -
ZrO, 6.95 - - -
BaO - 0.296 - -
P,05 0.12 0.28 - -
Na,O 0.69 2.6 - -
KO 0.53 1.13 - -
LO.L - - 48.14 -
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Figure 1. (a) XRD pattern of the ceramic roller; (b) XRD pattern of the ceramic sludge; (c) XRD pattern
of the magnesite; (d) XRD pattern of the silica sand.

Ceramic sludge is essentially composed of silica as the essential oxide content, alumina,
and calcia at 77.32, 7.60, and 7.23%, respectively. Minor and trace amounts of other oxides
are exhibited in Table 1. The phase composition of the ceramic sludge is displayed in
Figure 1b, which shows that the detected phases are quartz (S5iO,), kaolinite (Al;Si;Os)
(OH)4, and calcite (CaCO3). These phases ensure that XRF technology performs chemical
analysis of the data.

The chemical and phase composition of magnesite is illustrated in Table 1. Magnesia
has significant oxide content at 36.92%, while that of calcium oxide is at 8.56%. Lower
amounts of silica, alumina, and iron oxide were detected, with values of 2.85, 1.94, and
1.28%, respectively. The loss on ignition was recorded as 48.14%, which refers to the
carbon dioxide content of the major phases. The phase composition of the magnesite
sample confirms its chemical composition as the essential phase is magnesite (MgCO3)
with a subordinate amount of dolomite CaMg (COz3),, while silica content is represented as
antigorite Mg3Si;O5(OH), as minor content in the sample, Figure 1c.

The chemical composition of silica sand is mainly silica at 98.35% and a minor amount
of alumina at 1.24% and iron oxide at 0.26%. The phase composition of silica sand
shows only quartz (SiO;) content as one phase, which confirms its chemical composi-
tion, Figure 1d.

2.2. Physical Properties of the Investigated Samples

The samples prepared from aforementioned raw materials are shown in Figure 2. The
studied physical properties are the bulk density, porosity, and water absorption determined
after sintering the samples at a temperature of 1200 °C for two hours, as shown in (Table 2
and Figure 3). The results show a decrease in the bulk density from C10 to C50. Its values
ranged from 1.99 g/cm3 to 1.94. At the same time, both porosity and water absorption
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increased from C10 to C50, i.e., inversely proportional to bulk density, and their values
ranged from 29.40 to 38.83 in porosity and 12.69 to 14.96 in water absorption after firing
at a temperature of 1300 °C for two hours, as shown in (Table 3 and Figure 4). The results
show a decrease in bulk density from C10 to C50. The values ranged from 2.32 g/cm?
to 1.98. At the same time, both porosity and water absorption increase from C10 to C50,
i.e., inversely proportional to bulk density, and their values ranged from 29.54 to 39.67 in
porosity and 13.12 to 15.02 in water absorption. Generally, the higher the firing temperature,
the closer the bond between particles. This leads to an increase in bulk density and reduces
the porosity. The decrease in bulk density from C10 to C50 is due to an increase in the
percentage of the cordierite phase, which has a density of 2.60 g/cm3 [28], and a decrease
in the percentage of mullite, which has a density of 3.16 g/cm? [29]. The increase in the
percentage of porosity and water absorption from C10 to C50 is related to bulk density;
an increase in bulk density means a reduction in the liquid phase, which helps close and
shrink the pores, and vice versa, i.e., a decrease in bulk density is followed by an increase
in the liquid phase, which leads to an increase in porosity and water absorption. These
results concur with other studies by several researchers, who published that the density of
corundum and spinel [29,32-36] phases is higher than those of cordierite [28]. The densities
of the spinel and corundum in those earlier studies were 3.58 g/ cm? and 3.97 g/ cm3,
respectively, whereas for cordierite, the determined value was 2.3 g/cm3. These previous
data are in agreement with the results of the current study. Mouiya et al. [37] revealed that
the increase in bulk density caused by fire is most probable due to the formation of a glassy
phase with more considerable liquid phase production and reduced porosity.

C10 C20 C30 C40 C50

25mm

Figure 2. Visual observation of the investigated samples after sintering at 1300 °C for 2 h.

Table 2. Densification parameters of the investigated samples fired at 1200 °C for 2 h.

Densification Parameters

Batch Symbol Bulk Dengity Apparelzt Porosity Water Absorption
gm/cm Yo
C10 1.99 29.4 12.69
C20 1.98 34.38 12.95
C30 1.97 36.40 13.36
C40 1.96 37.26 14.28

C50 1.94 38.83 14.96
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Figure 3. Density, apparent porosity %, and water absorption % of C10, C20, C30, C40, and C50
samples sintered at 1200 °C for 2 h.

Table 3. Densification parameters of the investigated samples fired at 1300 °C for 2 h.

Densification Parameters

Batch Symbol : :
y Bulk Den;lty Apparer})t Porosity Water Absorption
gm/cm %o
C10 2.32 29.54 13.12
C20 2.28 34.82 13.94
C30 2.19 36.93 14.21
C40 2.15 37.45 14.87
C50 1.98 39.67 15.02
2.35
230 — *\ Apparent porosity % = =40
2.25 o\o c\o
& Pl =
g 2.20 4 . % g g
) - (oY
2215+ Density (g.cm*)\,, g3
s £
S 2.104 5 8
o S ©
2.05 4 {20< =
2.00 Water absorption % .
1.95 4
10

c1o c20 c30 c40 c50
Figure 4. Density, apparent porosity %, and water absorption % of C10, C20, C30, C40, and C50
samples sintered at 1300 °C for 2 h.

2.3. X-ray Diffraction of the Investigated Samples
2.3.1. X-ray Diffraction (XRD) of All Samples

Figure 5 shows the XRD of the studied samples treated at 1300 °C for two hours;
mullite (AlgSipO13) (JSPDS No. 15-776), which has characteristic peaks of 3.39, 3.43, and
254 A, and corundum (Al,O3) (JSPDS No. 10-173), which has lines of 2.08, 2.55 and
1.60 A, are the major phases formed in C10 to C50. The spinel phase formed in all samples
(MgAlL,Oy4) (JSPDS No. 21-1152) with lines of 2.43, 2.85, and 1.43 A, and it developed
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from C10 to C50, in addition to a small amount of baddeleyite (ZrO;) (JSPDS No. 13-307)
with the characteristic lines of 3.16, 2.83, and 2.62 A formed in all samples. Cordierite
(Mg, Al45i5048) (JSPDS No. 12-303) has characteristic lines of 3.13, 8.54, 4.09, 3.39, and
3.04 A; it begins to appear from C40 and begins to develop toward sample C50. The
formation of mullite and corundum as major phases in all samples is due to the increased
Al,O3 content and the ceramic roller. The formation of the spinel phase in all samples and
its development from C10 to C50 is due to the increase in MgO. Cordjierite is decomposed
into spinel and silica according to the following equation: Mg, Al;Si5O15 — 2MgAl,O4
(spinal) + SiO; (liquid phase).

= N\ [ullite -
@ Corundum *
& Baddeleyite = -
% Spinel " e
A Cordierite : - 5 -* *..
"« "¢ " 4T
C 50 A
L [ J
.- g o
-
*
e *
| A . L ] * bl * *
.‘ ’ | b . * | -
C 40 *
E
Z -
=1
2 -
= -
b -
- o T . - -,
- T [ *
20 * ‘ ¢ i * Y I
]
10

2 Theta (degree)

Figure 5. X-ray diffraction of the investigated samples after firing at 1300 °C for 2 h.

The findings of this study are consistent with those of Simon Sembiring et al. [38];
utilizing a heat treatment regimen at a temperature of roughly 1230 °C, they investigated
the impact of adding Al,Os on the conversion and crystallization behavior of cordierite
refractory ceramics based on rice husk silica. Their results indicated that adding Al,O3 led
to the evolution of the crystallization of cordierite into spinel and corundum. It was also
found that adding 10-30% Al,Os increases the amount of spinel and reduces the amount
of corundum and cristobalite phases. The occurrence of corundum, spinel, and cristobalite
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causes an increase in density and flexural strength, while the opposite is observed for
porosity. The samples’ coefficient of thermal expansion reaches a somewhat consistent
value of 9.5 x 107¢/°C once around 15-30% alumina is added. The predominant crystalline
phase is spinel, followed by smaller amounts of corundum and cristobalite.

2.3.2. Influence of Firing Temperature on the Formed Crystalline Phases

The effect of firing temperature on sample C30 was studied because it represents the
mean sample of the studied ones. Figure 6 shows the X-ray diffraction of C30 after being
fired at 1200 °C and 1300 °C for 2 h; the phases formed are mullite, spinel, corundum, and
baddeleyite. Figure 6 shows a weak formation of the crystalline phases with a decrease in
the intensity of their lines. Mullite represents the primary phase, followed by the corundum
and spinel phases, and then a tiny amount of baddeleyite. When the temperature is raised to
1300 °C, crystalline phases develop, and the intensity of the lines increases for all crystalline
phases (Figure 6). This means that at a temperature of 1200 °C, there is a percentage of
the amorphous glassy phase. As the temperature increases, this glassy phase transforms
into the previous crystalline phases, which helps in increasing the intensity of the lines of
previous crystalline phases. The findings of this study agree with those of Cao, Zhimin,
and Li, Ping [39], who demonstrated that by increasing the firing temperature, the intensity
of the diffraction peak of the cordierite phase increased first as the temperature reached
1300 °C and the percent of cordierite phase increased from 56.8 wt% to 68.4 wt.%.

| \[ullite L)
@ Corundum
¢ Baddeleyite
* Spinel

Intensity(a.u)

2 Theta (degree)

Figure 6. X-ray diffraction of sample C30 after firing at different temperatures. A = fired at
1200 °C/2 h; B = fired 1300 °C/2 h.

2.4. Microstructures (SEM and EDX)

The study of the microstructure of the refractories is essential, as the microstructure
directly affects different physical properties, such as porosity, density, and mechanical
strength. In the study presented herein, the microstructure and surface chemical analysis
of different refractory samples sintered at 1300 °C were studied using SEM and EDX,
respectively (Figure 7). It can be seen from the figure that the C10 sample is essentially
composed of refined grains of anhedral crystals of mullite and corundum, as confirmed
by the EDX analysis of Al and Si peaks, as well as a few irregular grains bright in color
embedded in a very fine grain of corundum which was detected during EDX analysis
as baddeleyite. In the case of C20, clusters of corundum grains and mullite can also
be observed and proven using EDX analysis. Increasing the percentage of magnesium
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oxide and replacing corundum and mullite helps in forming small amounts of spinel (the
previous XRD analysis confirmed this). The peak of Mg appears in the EDX graph in
sample C30 [26,40]. The C40 and C50 microstructures mainly comprise anhedral crystals
of mullite and corundum attacked by magnesium oxide to form cordierite and spinel.
Cordierite and spinel are embedded in very fine grains of corundum. Relics of mullite
in prismatic form surrounded spinel’s new phase and rounded grains of zirconia. A
low sintering temperature is preferred from an economic perspective. Therefore, sample
C30 was selected because it possesses optimum properties to be heat treated at 1200 °C,
and we studied the effect of temperature on the microstructure of this sample. SEM and
EDX examination results for the C30 sample heated to 1200 and 1300 degrees Celsius is
displayed in Figure 8. As shown in the figure, fine anhedral crystals of corundum and spinel
scattered in refined grains of the same composition are predominant in the microstructure
of the C30 sample sintered at 1200 °C. Also, refined grains of bright zirconia dispersed
within the groundmass were detected. Subhedral-to-euhedral crystals of spinel were also
observed. These results were confirmed using EDX analysis. The formation mechanism
of these crystals can be explained by attacking mullite, as the primary phase, with active
magnesia to give magnesia and alumina, which reacts with active magnesia to produce
spinel. The corundum acted as a less active phase during the sequence of these reactions.
The elevation in the sintering temperature resulted in a significant increase in densification,
leading to more diffused and interconnected grain boundaries. Consequently, the ceramic
grains experienced expansion, which resulted in a finer microstructure, thereby enhancing
density and reducing porosity. In contrast, sintering at lower temperatures did not provide
adequate energy to facilitate grain bonding, resulting in an open and porous structure.
Thus, the ceramic microstructure was directly influenced by the sintering temperature,
which had a notable impact on the mechanical properties of the material [41].

2.5. Bending Strength (BS)

Figure 9 shows the ultimate bending strength (MPa) of the C10, C20, C30, C40, and C50
samples. It can be observed from the figure that the strength of bending slightly decreased
as the nominal cordierite content increased, where the strength values were 13.50, 12.60,
11.70, 11.20, and 10.80 for C10, C20, C30, C40, and C50, respectively. A ceramic’s mechanical
properties are intensely related to its microstructure, comprising porosity, pore size, density,
and the formed crystalline secondary phase. As mentioned before, the ceramic density
decreased and the porosity increased with a nominal increase in cordierite percentage
(Table 3), from C10 to C50. This increase in pore percent was clearly caused by a reduction
in bending strength. Moreover, the formed cordierite secondary phase that increased from
C10 to C50 decreased the BS. Cordierite possesses mechanical strength lower than the main
crystalline phases, mullite, and corundum [38,42,43].
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Figure 7. SEM photos (left and middle) and EDX analysis (right) of C10, C20, C30, C40, and C50
((a—e), respectively fired at 1300 °C for 2 h.
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Figure 8. SEM photos (left and middle) and EDX analysis (right) of C30 fired at 1200 °C (a) and
1300 °C (b) for 2 h.
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Figure 9. Bending strength of C10, C20, C30, C40, and C50 samples fired at 1300 °C for 2 h.
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2.6. Dielectric Properties

Based on established knowledge of capacitance and conductance studies for cordierite—
mullite compositions in the frequency range from 10~! Hz to 10° Hz at room temperature,

the frequency dependence of ¢/, ¢”, 0ac, and M” was evaluated. The permittivity complex
can be expressed as follows [44]:

e (w) =€ (w) —ie" (w) = =
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where i is the imaginary root of —1, and ¢’ and ¢ are the real and imaginary components
of the complex permittivity. The complex permittivity formula was used to characterize
the electrical and dielectric properties. The following formula can be used to determine the
dielectric material’s AC electrical conductivity (oac) [27,44]:

Oac = gowe”

where gy = 8.854 x 10712 V-1 m~! is the permittivity of free space, w is the angular
frequency, and ¢”(w) is the imaginary part for permittivity. Figure 10 represents the
frequency dependence of the cordierite-mullite composition’s permittivity, ¢/, at various
concentrations. The figure shows a clear dispersion that reduced in intensity and shifted
toward lower frequencies as the concentration of cordierite increased. This dispersion
step is due to the free space polarization generated at the interfaces from the buildup
of free charge carriers in such inhomogeneous structures. This has become a prominent
feature in such inhomogeneous structures. On the other hand, the remarkable decrease
in polarization decreases the composition’s permittivity as the cordierite concentration
increases from 10 to 20%. Further increases in cordierite concentration have no further
effect on the permittivity values, reflecting the effect of cordierite in reducing the density of
charge carriers.

20 30 40
Concentration

50

10’

=Qu= C10 =m==C20
C30 =—e—C40
==gqd=C50

10 10° 10’ 10? 10° 10* 10° 10°
Freq. [HZ]

Figure 10. The frequency dependence of permittivity, ¢/, of C10-C50, and the inset is for the in-
vestigated samples independent of ¢ at the representative frequency f = 1 kHz for the different
compositions.

On the low-frequency side of this figure (<10? Hz), the dielectric constant curve has its
highest value for lower concentrations. Here, each polarization has enough time to develop
and add its entire amount to the dielectric constant, accompanied by a constancy of ¢’ in
the lower frequency region, usually called the zero-frequency or static dielectric constant as
a result of the absence of charge transport (due to conductivity) and electrode polarization
contributions. With increasing frequency, a sharp decrease in ¢ begins with an abrupt
decrease in permittivity as some dynamic processes take place, known as the interfacial
polarization’s relaxation frequency [27,45,46]. At still higher frequencies, as the frequency
becomes too high for the field to appreciably affect the orientation of dipoles, the permittiv-
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ity € reaches a constant lower value known as the infinite-frequency dielectric constant. In
other words, the applied frequency is higher than the polarization’s relaxation frequency
because it does not have enough time to be noticeably formed [47,48]. The first anomalous
dispersion region, which was caused by interfacial polarizations, is comparable to this
third region. In addition, it can be seen in (Figures 11 and 12) that the values of ¢’ and ¢ at
high frequencies are nearly independent of both concentration and frequency. Furthermore,
because the charge at interface states cannot follow an external AC signal [49,50] as the
carrier lifetime (7) is significantly larger than the inverse of angular frequency (1/w) [46],
the values of ¢’ approach the values of ¢” at high frequencies.

10" 10° 10" 10* 10° 10* 10° 10°

90 - E

60 |- Y -
n o

e" | \ .
30 _ ..... .b.... _

>.> M. P32 2

e=Qum C10 === C20

C30 =—=e=—C40

e=gqd=C50

Modulus"

Freq. [HZ]

Figure 11. The frequency dependence of dielectric loss (¢) and Modulus” of C10-C50 as represented
by (a) and (b), respectively.
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Resistivity @ 1 kHz

resistivity
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10" 10° 10’ 102 10° 10* 10° 10°
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Figure 12. The frequency dependence of conductivity (cac) of C10-C50, and the inset is the ceramic
independent of resistivity at representative frequency f = 1 kHz for the different compositions.

By increasing the concentrations of cordierite from C10 to C50, which means increasing
the concentration of silica and decreasing the alumina concentration for the base composi-
tion of the cordierite-mullite system, the permittivity decreases sharply from 35.6 to 8.2.

The electric modulus M versus frequency exhibits two peaks at low concentrations;
however, there is just one peak at high concentrations, the values of the peaks decreasing
with increasing concentrations, as shown in Figure 12.

The first peak, at low frequency, is for charge transportation and the highest one is
for interfacial polarization. As mentioned before, these peaks shifted to a lower frequency
by decreasing concentration and disappeared from the lower peak due to the absence of
electrode polarization and charge transport. The AC conductivity, as shown in (Figure 12),
decreases with the decrease in the concentration of cordierite. For all samples, the con-
ductivity is very low as it is around 1078 s/cm for C10 and 107! s/cm for C50, which
means that the resistivity is very high for all concentrations in the range between 10® for
the C10 sample to 10'° for the C50 sample, as shown in (Table 4) and predicted before in
Figure 11 from the reduction in the intensity in the dispersion step and its movements
toward lower frequency (slower motion) with increasing cordierite concentration, as this
reflects the reduction in the charge carrier concentration and hence the enhancement of the
electric resistivity seen, resulting in these materials being perfect insulation materials.
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Table 4. AC-conductivity and resistivity of the investigated samples as determined at representative
spot frequency point f = 1 KHz for the different compositions, C10-C50.

Batch Symbol Conductivity (o ac) Resistivity (p)
C10 1.19 x 10~8 8.38 x 107
C20 2.79 x 107° 3.59 x 108
C30 8.55 x 1010 1.17 x 10°
C40 2.03 x 10710 491 x 10°
C50 3.10 x 1071 3.23 x 1010

3. Materials and Experimental Techniques
3.1. Materials

The raw materials used in this study were a ceramic roller, ceramic sludge, magnesite,
and silica sand. The ceramic rollers and ceramic sludge were supplied by “Ceramica
Venezia Company” located on the 6th of October City, Egypt, while magnesite and silica
sand were received from Al-Nasr Mining Company (Aswan, egypt). After being pulverized
and crushed, the materials were put through a 63-micron sieve. They were weighed and
mixed well in a proper ratio.

3.2. Chemical Analysis

Chemical composition analysis was carried out by using XRF. Using six analysis
crystals and the X-ray fluorescence equipment PW 2404, XRF analysis was performed on
powder samples smaller than 74 pm. Utilizing the software programs Super(QQ4 and SemiQ),
the concentration of the analyzed elements was calculated with a 99.99% accuracy rate and
a 96.7% confidence level.

3.3. Batch Calculation and Preparation

Five batches were designed based on cordierite-mullite phases using the aforemen-
tioned waste materials. The designed batches were calculated to produce cordierite and
mullite as major phases and other minor phases, as illustrated in Tables 1 and 5 and
Figure la—d. Afterward, we calculated the composition of the five samples of ceramic
refractories (C10, C20, C30, C40, and C50), with details listed in (Table 5). The proper
weight of about 300 g of each waste material was crushed and ground by a ball mill
(Ceramic Instrument/Italy) for two hours until homogeneity and then passed through a
63-micron sieve. Then, the powdered raw materials were thoroughly mixed. A binder
of approximately 5% water was added to each 5 g of every sample, and the mixture was
compressed via a 40 MPa uniaxial load using differently shaped molds (the size of each disc
sample was 2.5 cm x 2.5 cm x 10 mL and the rod sample size was 1 cm X 2 cm X 6 cm),
and five samples for each composition were prepared. Following 20 h of drying at about
120 °C in an oven furnace, the produced samples were sintered for two hours at 1300 °C at
a heating rate of 10 °C/min. The sample C30 was selected to examine the effect of sintering
temperature on its properties and formed phases. It was treated at 1200 °C and 1300 °C for
two hours (as shown in Figure 13).
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Table 5. Designation of the different mixtures studied, as well as the percentage of raw materials and
the content of silicon, aluminum, and magnesium oxides in each mixture.

b Nominal Phase Batch Composition% Batch Constituents%
Batch No.
Cordierite =~ Mullite SiO, AL, O3 MgO  Ceramic Roller Magnesite Sludge  Silica Sand

C10 10 90 30.48 68.14 1.38 96.81 3.19 - -
C20 20 80 32.81 64.43 2.76 90.23 6.30 2.61 0.86
C30 30 70 35.13 60.74 4.13 82.51 9.15 6.75 1.59
C40 40 60 37.13 57.03 5.51 75.47 11.89 10.71 1.93
C50 50 50 39.76 53.35 6.89 68.63 14.50 14.40 2.47

+ Cor.nposmon —> Pressing
adjustment
Additives
Ceramic Sintering at Drying at
_ (
refractories 1300 °C 120 °C

Figure 13. Schematic presentation for the production of ceramic refractories from industrial waste.

3.4. Densification Properties

Using the liquid displacement method, the physical characteristics of the batches
heated at 1200 °C and 1300 °C were ascertained in terms of bulk density, apparent porosity,
and water absorption. Each sample was measured in triplicate (n = 3).

3.4.1. Bulk Density (BD) and Apparent Porosity (AP)

Using distilled water as a liquid medium, the Archimedes principle was used to
calculate bulk density and apparent porosity using the following formulas:

Bulk density (BD) = [w1 /(w2 — W3)] X pliquid
Apparent porosity (AP) = AP = [(wy — wy)/(wy — w3)] x 100

3.4.2. Water Absorption (WA, %)
Water absorption of the specimens was calculated using the following equation:

Mu — Ms
—_ X

1
Ve 00

A=

where Mu: sample mass after immersion in water for 24 h (g) and Ms: sample mass before
water immersion (g).
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3.5. X-ray Diffraction (XRD)

Bruker D8 Discover Cu target wavelength 1.54 A, 40 Kv, and 40 mA (Germany) XRD
technology was used in this study.

3.6. Scanning Electron Microscope (SEM)

In this study, we employed a scanning electron microscope (SEM) to identify minerals
and examine microstructures. The microstructure of the samples under investigation
was examined using a scanning electron microscope equipped with an EDX unit (Energy
Dispersive X-ray Analyses) and SEM Model Quanta 250 FEG (Field Emission Gun), FEI
Company, Eindhoven, The Netherlands. The microscope had an accelerating voltage of
30 K.V. and a magnification range of 14 x to 1,000,000 x.

3.7. Bending Strength

The prepared refractory samples were tested with a universal testing machine (model
Tinius Olsen 10ST) with a span of 30 mm and a loading speed of 0.5 mm/min. The ultimate
bending strength of the samples was determined using the three-point bending method
with dimensions of height x width x length = 10 mm X 12 mm X 50 mm. Each sample
was measured in triplicate (1 = 3).

3.8. Electrical Properties and Electrical Conductivity

Dielectric spectroscopy is an essential instrument for examining the electrical and
dielectric properties of prepared samples. Thus, the dielectric parameters such as AC
conductivity (0ac), permittivity (¢’), dielectric loss (¢”), and the electric loss modulus (M”),
were measured

A Novocontrol high-resolution alpha analyzer (Concept 40) was used to examine the
investigated samples’ electrical conductivity and dielectric characteristics in the frequency
range of 0.1 Hz to 20 MHz. The applied voltages were chosen in the linear regime and
in the order of 0.1 V. The current measurements were carried out at room temperature
with accuracy better than 99%. The film was pressed between two circular metallic plates
of 20 mm diameter for the upper electrode and 40 mm for the lower one. The samples
were prepared using a parallel plate capacitor design of two gold-plated stainless-steel
electrodes. More information about the setup can be found elsewhere [33-35].

4. Conclusions

1.  Solid waste in the form of ceramic rollers, ceramic sludge, and magnesite can be used
to manufacture heat-resistant ceramics at 1300 °C.

2. The main precipitated phases are mullite, corundum, and spinel.

3.  Bending strength increases with increasing mullite concentration, bulk density, and
refined grain microstructures

4. By increasing the concentration of cordierite, the density decreases and the porosity
and water absorption increase.

5. Bulk density increases with increasing sintering temperature, whereas water absorp-
tion and porosity decrease due to liquid phase formation.

6.  With the increase in cordierite concentration, the microstructures vary from fine
grained to coarse grained.

7. Mullite led to decomposition, inhibited the formation of cordierite, and enhanced
spinel formation.

8.  The increase in cordierite content from C10 to C50 significantly lowered the dielectric
properties of the compositions, as the maximum values of permittivity, AC conduc-
tivity, and resistivity for the C10 sample were found to be 35.6, 108 s/cm, and 108
cm/s, respectively, at room temperature with the lowest values for the C50 sample
as its dielectric constant of about 8.2, conductivity of around 3 X 10~ s/cm, and
resistivity of 3 x 10! cm/s. These values suggest the potential of these compositions
as perfect insulation materials.
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9. We successfully achieved the production of refractory ceramics from industrial waste.
Therefore, the application areas for which the product is suitable are furnace lining
and refractory bricks

10. Based on the physical, mechanical, electrical, crystalline, and economic properties, it
appears that the best sample that can be used for industrial purposes is C10, and its
chemical composition is S5iOy = 30.48%, Al,O3 = 68.14%, and MgO = 1.38
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