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Abstract: Steel slag and waste clay brick are two common solid wastes in industrial production,
and their complex chemical compositions pose challenges to the production of traditional alumina
silicate ceramics. To investigate the influence of steel slag and waste clay brick on the performance of
Ca0-5i0,-MgO ceramic materials, this study examined their effects on the mechanical properties,
crystal composition, and microstructure of the ceramics through single-factor experiments. The
results demonstrate that when keeping the dosage of waste clay brick and talcum powder constant,
a 43% dosage of steel slag yields optimal performance for the ceramic materials with a modulus of
rupture of 73.01 MPa and a water absorption rate as low as 0.037%. Similarly, when maintaining a
constant dosage of steel slag and talcum powder, a 41% dosage of waste clay brick leads to superior
performance of the ceramic materials, with a modulus of rupture reaching 82.17 MPa and a water
absorption rate only at 0.071%. Furthermore, when keeping the dosage of steel slag and waste clay
brick constant, employing a talcum powder dosage of 24% results in excellent performance for the
ceramic materials with a modulus of rupture measuring 73.01 MPa while maintaining an extremely
low water absorption rate at only 0.037%. It is noteworthy that steel slag contributes to akermanite
phase formation while talcum powder and waste clay brick contribute to diopside phase formation.

Keywords: ceramic tiles; steel slag; waste clay bricks; solid waste resource utilization

1. Introduction

Ceramic tiles are widely used as building materials for indoor and outdoor wall and
floor decoration, offering a wide range of options and having a rich historical background.
The primary components include natural minerals such as clay, quartz, and feldspar,
which undergo various processes including mixing, molding, drying, glazing, and high-
temperature firing. The production of ceramic tiles heavily depends on the availability of
high-quality mineral resources. However, in recent years, the depletion of these resources
has led to an increasing rise in production costs for ceramics. As a result, many ceramic
manufacturers actively seek new raw materials and production techniques to reduce
expenses while preserving limited resource supplies. In this regard, some scholars have
initiated investigations into using solid waste as alternative raw materials in ceramic
manufacturing [1]. This approach not only effectively addresses waste disposal concerns
but also significantly reduces raw material costs with notable environmental implications.

Steel slag (SS) is a significant byproduct generated in large quantities during the steel-
making process, accounting for approximately 15%-20% of the total crude steel output [2].
In China, SS production reaches around 120 million tons annually; however, its utilization
rate remains below 20% [3]. As a low-value-added material, a substantial amount of SS
cannot be effectively processed and is often stockpiled outdoors. This not only occupies
valuable land resources but also poses potential risks of land pollution and ecological
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degradation in the surrounding areas [4]. In recent years, there has been increasing research
interest in exploring resource utilization options for SS. Current approaches primarily focus
on utilizing its high strength and wear resistance as road backfill material [5,6], leveraging
its porosity and alkalinity for sewage treatment purposes [7,8], harnessing its rich P, Ca,
and Si elements to produce fertilizer [9,10], or incorporating it as a component in cement
mixers to manufacture cement products [11]. However, these utilization methods still face
certain challenges. For instance, when using SS as raw materials for fertilizer production,
the presence of MnO and other heavy metal elements may impact product safety.

Similarly, employing SS in the cement industry can lead to poor stability due to free
CaO and MgO content within SS [12,13], making it difficult for large-scale usage. Recent
studies have discovered that the main components of SS include CaO, SiO,, Al,O3, MgO,
and Fe,O3 along with clay, feldspar, and quartz—all traditional building ceramic raw
materials with potential application prospects. Ceramic samples prepared from these
constituents exhibit promising performance characteristics [14]. Some investigations have
explored how variations in raw material composition influence the properties of ceramic
brick samples made from SS. Tabit [15] investigated the impact of the CaO/SiO, ratio
(0.12-0.8) on phase transformation in ceramic materials by adding SS to fly ash within
a range of 10-50 wt. %. The findings revealed that plagioclase was the primary phase
when the CaO/SiO; ratio ranged from 0.12 to 0.56, while at a ratio of 0.8, hornblende
content significantly increased. Ai [16] and colleagues designed various ceramics with
different SS ratios (0-70 wt. %) and used FACTsage 8.0 software to simulate phase forma-
tion processes. The simulation results indicated mullite formation within an SS content
range of 0 to 25 wt. %, with plagioclase becoming the dominant crystalline phase between
an SS content range of 25 wt. % to 45 wt. %, and hornblende production surpassing
plagioclase production when the slag-to-binder ratio exceeded 45 wt. %. Zhang [17]
discovered that reducing the MgO/Al,O3 ratio resulted in a transition from quartz and
hornblende phases to quartz and plagioclase phases as primary crystalline phases; in
contrast, high MgO content promoted hornblende formation, whereas high Al,O3 content
favored plagioclase formation.

Clay brick, as a common building material, was widely used in various buildings in
the early 20th century. However, with the development of the construction industry in
various countries, brick concrete buildings have gradually been replaced by reinforced
concrete buildings, leading to a significant increase in the amount of construction waste
generated by demolition [18]. Among this, waste clay brick (WCB) accounts for about 50%
of the total construction waste [18]. Unfortunately, due to the lack of effective mechanisms
and means, less than half of this construction waste is recycled. As a result, a large number
of difficult-to-treat waste clay bricks can only be continuously stacked. This not only
occupies a substantial amount of land resources but also pollutes the surrounding soil
and water [19,20]. Currently, research on recycling waste clay bricks mainly focuses on
preparing recycled aggregates and conducting cement mixture tests [21-24]. However,
using waste clay bricks as concrete aggregate reduces mixability and significantly weakens
concrete products’ strength [19,20,25-28].

Additionally, when used as a cement mixture, volcanic ash effect is limited due to
low amorphous mineral content in waste clay bricks [29]. These problems further restrict
large-scale comprehensive utilization. In recent years, global ceramic tile production
and consumption have rapidly recovered from downturns. With increased production
capacity comes an inevitable shortage problem for high-quality mineral resources such
as clay quartz feldspar quartz sand, etc., which are consumed by the building ceramics
industry [30]. The main mineral composition of discarded clay bricks consists of quartz
and sodium feldspar, which is similar to the composition of raw materials used in ceramic
tile production. Therefore, discarded clay bricks can be considered as a substitute for clay
and feldspar in the production of ceramic tiles, providing a new approach to the resource
utilization of discarded clay bricks. However, there is currently limited research on this
topic; thus, further exploration is needed.
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In this study, ceramic tiles were fabricated with varying compositions by adjusting
the proportions of SS, waste clay bricks, and talc. The impact of raw material ratios on
crystallization behavior, microstructure, and key mechanical properties was systemati-
cally investigated. The relative content of each crystal phase in the ceramic materials
was determined using the XRD powder diffraction Rietveld refinement method, and the
influence of different raw materials on the distribution of crystal phases in ceramic tiles
was thoroughly discussed.

2. Materials and Methods
2.1. Materials

The raw materials used in this study include converter SS (manufactured by the
Longgang Group, located in Xi’an, China.), waste clay bricks (manufactured by the Qing-
caigou Construction Waste Disposal Plant, located in Xi’an, China.), and talcum powder
(manufactured by the Guiguang Talcum Development Co., Ltd. located in Guilin, China).

Due to the high iron content present in SS, which may lead to the degradation of
ceramic samples and restrict their usage, it is necessary to pretreat SS. The specific procedure
involves crushing SS using a jaw crusher until it reaches a size of 1-2 cm, followed by the
removal of iron scraps and FesO4 components using a strong magnet. After preliminary
iron removal, the crushed SS is ground for 2 h in a @500 mm x 500 mm ball mill rotating
at a speed of 48 rev/min before being sieved through a 75 um sieve and transferred into
an anhydrous ethanol-filled beaker. Subsequently, the mixture is placed on a magnetic
stirrer with a stirring speed set at 15-20 rev/s. Owing to variations in density and specific
susceptibility among different phases within SS, mineral phases with low density and weak
magnetic properties are suspended in the upper layer of ethanol solution while those with
high density and strong magnetic properties settle at the bottom layer. The solid-liquid
mixture obtained from both layers is filtered, dried at an oven temperature of 105 °C, and
used accordingly. Other raw materials are also ground to achieve particle sizes of 75 pm
using a ball mill before undergoing a drying process at an oven temperature of 105 °C
for subsequent use. X-ray fluorescence analysis is employed to determine the chemical
compositions of all three raw materials as presented in Table 1, where results are listed as
oxides formulating their composition ratios. Additionally, the X-ray diffraction technique
determines main phase compositions, as illustrated in Figures 1-3.

The steel slag consisted of several elements, including CaO, Fe; O3, SiOp, MgO, and
Al,O3, and it had a complex physical composition. Its crystal phase composition, in
addition to dicalcium silicate and tricalcium silicate, also included other substances, such
as magnetite and brownmillerite. The waste clay brick powder contained SiO,, Al,O3,
Fe; 03, CaO, MgO, NayO, K;O, and TiO;, as well as other alkali metal oxides. Its crystal
phase composition was simpler, as it was primarily composed of quartz and andesine.
Waste clay bricks can replace clay and feldspar as raw materials for ceramics. The chemical
composition of talcum powder primarily includes SiO, and MgO, with the crystal phase
composition exclusively limited to the talc phase. The relative composition of crystalline
phases in the three raw materials can be observed in Table 2.

Table 1. Chemical composition of raw materials (wt. %).

Si02 A1203 Fe203 MgO CaO NaZO Kzo MnO P205 Ti02 Loss
SS 14.53 3.40 20.49 541 34.92 0.21 0.07 6.00 1.98 1.39 1.3
WCB 47.03 12.97 5.72 2.32 8.78 1.61 227 0.13 0.19 0.72 2.1
Talc 64.07 0.55 0.08 31.7 0.32 - - - - - 48
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Figure 1. XRD pattern of SS.
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Figure 2. XRD pattern of WCB.

Table 2. Relative crystal phase content of raw materials.

Magnetite Alitq Silli)ci:taelfi:llll;ha Brownmillerite Qqartz z?a\cll:scig)e ) lc
(F6304) (3Ca0$102) (2Ca0$102) (4CaO~A1203~Fe203) (SIOZ) [(SI,A1)408]) (Mg3 [514010](0H)2)
SS 7.8 17.2 46.1 17.2 - -
WCB - - - - 66.9 33.1

Talc - - - -
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Figure 3. XRD pattern of Talc.

The particle size distributions of the three materials are illustrated in Figures 4-6,
respectively. The SS powder exhibits D50 and D90 values of 11.80 um and 45.49 yum, while
the WCB demonstrates corresponding D50 and D90 values of 11.72 pm and 48.86 um. In
contrast, the talc powder displays a more homogeneous distribution with D50 and D90

values of 13.73 pm and 36.33 um, respectively.
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Figure 4. Particle size distribution of SS.
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Figure 6. Particle size distribution of talc.

The SEM images of the three raw material powders are presented in Figures 7-9. These
figures clearly show that both SS and WCB powder particles have irregular shapes and
non-uniform sizes, whereas talc powder consists of relatively uniform flaky particles. In
Figure 7d, there are hexagonal plate-like crystal phases indicating tricalcium silicate in the
SS powder; round granular crystal phases representing dicalcium silicate are also present;
brown millerite phase fills the calcium-silicon phases continuously; white particles with
both round and amorphous structures represent the magnetite phase. In Figure 8d, hexag-

onal columnar crystals indicate a quartz phase, while block crystals represent an andesine
phase. Finally, in Figure 9d, flaky crystals corresponding to the talc phase can be seen.
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Figure 7. SEM images of SS powders at different magnifications: (a) 100 x SEM image, (b) 500 x SEM
image, (c) 2000x SEM image, (d) 5000 x SEM.

Quattz
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Figure 8. SEM images of WCB powders at different magnifications: (a) 100x SEM image, (b) 500 x
SEM image, (c) 2000 x SEM image, (d) 5000 x SEM.
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Figure 9. SEM images of talc powders at different magnifications. (a) 100x SEM image, (b) 500x
SEM image, (c) 2000 x SEM image, (d) 5000 x SEM.

2.2. Formula Design

In this experiment, the influence of varying dosages of SS, WCB, talc, and three other
raw materials on the performance of ceramic tiles was investigated as the individual
factor. The specific formulations are presented in Tables 3-5 (providing mass ratios and
percentages). Tables 6-8 display the chemical composition derived from calculations based
on Table 1 along with Tables 3-5.

Table 3. Ceramic tile formulations with different SS content.

SS WCB Talc
YG-1 30g 33% 35g 39% 25¢g 28%
YG-2 35¢g 37% 35g 37% 25¢g 26%
YG-3 40¢g 40% 35g 35% 25¢g 25%
YG-4 45¢g 43% 35g 33% 25¢g 24%
YG-5 50¢g 45% 35¢g 32% 25¢g 23%

Table 4. Ceramic tile formulations with different WCB content.

SS WCB Talc
YZ-1 45g 45% 30g 30% Bg 25%
YZ-2 45¢ 43% 35g 33% 25g 24%
YZ-3 45g 41% 40g 36% Bg 23%
YZ-4 45g 39% 45g 39% 25g 22%

YZ-5 45¢ 37.5% 50g 42% 25g 20.5%
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Table 5. Ceramic tile formulations with different talc content.
SS WCB Talc
YH-1 45¢g 45% 35g 35% 20g 20%
YH-2 45¢ 43% 35g 33% 25¢g 24%
YH-3 45¢ 41% 35g 32% 30g 27%
YH-4 45 ¢ 39% 35g 30% 3b5g 31%
YH-5 45¢ 37.5% 35g 29.1% 40¢g 33.3%

Table 6. Chemical composition of ceramic tile formula with different SS content (wt. %).

SiO, ALO3 Fe;O3 MgO CaO Na,O KO MnO P05 TiO;

YG-1  41.72 6.34 9.02 11.88  15.04 0.70 0.91 2.03 0.73 0.74
YG-2 3944 6.20 9.72 11.10  16.25 0.67 0.87 227 0.80 0.78
YG-3  38.29 6.04 1022 1090 17.12 0.65 0.82 245 0.86 0.81
YG-4 3714 5.87 1072 1070  17.99 0.62 0.78 2.62 0.91 0.84
YG-5 3696 5.81 11.07  10.78  18.60 0.61 0.76 2.74 0.95 0.86

Table 7. Chemical composition of ceramic tile formula with different WCB content (wt. %).

SlOz A1203 F8203 MgO CaO NazO Kzo MnO P205 T102

YZ-1  36.67 5.56 1096  11.06 1843 0.58 0.71 2.74 0.95 0.84
YZ-2 37.14 5.87 1072 1070  17.99 0.62 0.78 2.62 0.91 0.84
YZ-3  37.62 6.19 1048 1034 1755 0.67 0.85 2.51 0.88 0.83
YZ-4  38.10 6.51 10.24 9.99 17.11 0.71 091 2.39 0.85 0.82
YZ-5 3834 6.84 10.10 9.50 16.85 0.75 0.98 2.30 0.82 0.82

Table 8. Chemical composition of ceramic tile formula with different talc content (wt. %).

Si02 A1203 Fe203 MgO CaO Na20 Kzo MnO P205 Ti02

YH-1 3581 6.18 11.24 9.59 18.85 0.66 0.83 2.75 0.96 0.88
YH-2 37.14 5.87 10.72 1070  17.99 0.62 0.78 2.62 0.91 0.84
YH-3 3831 5.69 1025 11.52  17.21 0.60 0.76 2.50 0.87 0.80
YH-4  39.64 5.39 9.73 12.63  16.35 0.56 0.71 2.38 0.83 0.76
YH-5 40.38 5.34 9.43 13.03  15.83 0.56 0.71 2.29 0.80 0.74

2.3. Sample Preparation Methods

According to the formulated recipe, 500 g of raw materials is accurately weighed
and mixed in a mixer for 60 min to ensure complete homogeneity. The uniformly mixed
raw materials are then fed into a disc granulator with a set speed of 40 rev/min. Water
is manually sprayed using a spray bottle, adding approximately 10% of the granulated
material as water to achieve moisture content within the desired range of 7%—9%. The
granulated material is then sieved, selecting particles ranging in size from 0.18 mm to
0.85 mm. These particles are sealed in bags and stored in a cool place for aging purposes
for at least 24 h to allow sufficient internal moisture penetration and uniform distribution
throughout the pellets. The aged pellets are poured into metal molds with dimensions of
50 x 50 mm and subjected to mechanical pressure until they form compacted billets with
dimensions of 50 x 50 x 8 mm. The molding pressure is set at 25 MPa with an applied
load rate of 0.5 KN/s. Subsequently, the samples are dried in an oven at 105 °C for 24 h,
resulting in billets with certain strength. The dried billets are placed inside mullite saggers
and fired in a high-temperature furnace reaching maximum firing temperature during this
process of 1190 °C with a holding time of 60 min, to obtain ceramic tile samples.



Coatings 2024, 14, 434

10 of 24

2.4. Sample Performance Measurements
2.4.1. Macroscopic Performance Measurements

The fired samples underwent physical tests for water absorption and modulus of
rupture (three-point bending strength). The water absorption rate was determined using
the vacuum method specified in GB/T 3810.4-2016 Test Methods for Ceramic Bricks [31,32].
Equation (1) expresses the relationship between the water absorption rate (E), water ab-
sorption mass (1), and dry sample mass (i11).
ma

M2 =T o 100% (1)
nmy

E =

The modulus of rupture is determined through testing using the three-point bending
method. The sample is positioned on the flexural fixture, ensuring that the center rod
maintains an equal distance between both support rods. A consistent load, applied at a rate
of 1 N/(mm?-s) & 0.2 N/(mm?-s), results in recording the fracture load F for a subsequent
calculation of modulus of rupture R as per formula (2).

_ 3FL

R= 2bh2

)
where F is the fracture load in N; I, is the span between two supporting rods in mm; b is
the width of the sample in mm; and £ is the minimum thickness of the fracture surface of
the sample measured along the fracture edge after the test in mm.

2.4.2. Microscopic Performance Measurements

We utilized a D/MAX 2000 X-ray diffractometer to determine the crystal phase com-
position of sintered samples. The target material is Cu, with a tube voltage of 40 kV, tube
current of 26 mA, and power output of 1600 W. Scanning angles range from 10-90° with
a step size set at 0.02 and scanning speed set at 5°/min. HighScore (Plus) 3.5 software is
employed for Rietveld refinement analysis to determine the relative content of each phase
in the sample. Quanta200 scanning electron microscopy is used to observe pore structure,
densification degree, and crystal morphology as well as element distribution in the sintered
samples. Image] image processing tool is utilized for the simple measurement of surface
pore structure and crystal size within SEM images.

3. Results
3.1. Physical and Mechanical Properties

The influence of changes in SS content on the water absorption and modulus of
rupture of ceramic samples is illustrated in Figure 10 while keeping the WCB and talc
contents constant. It can be observed that as the SS content increases, the modulus of
rupture of ceramic samples exhibits a decreasing trend, reaching its maximum value at
43% SS content with a value of 73.01 MPa. This suggests that increasing the SS content
contributes to enhancing the densification degree of ceramic samples. When the SS content
in the formulation is below 43%, there is a gradual decrease in water absorption rate with
increasing SS content, reaching a minimum value of 0.04% at 43%. However, when the SS
content reaches 45%, both water absorption rate and modulus of rupture sharply decline
due to an abundance of metal oxide components producing a low-viscosity liquid phase
during the sintering process, resulting in increased porosity and deterioration in mechanical
properties for sintered samples. Furthermore, it should be noted that all groups of ceramic
bricks prepared with an SS content ranging from 33% to 45% exhibit significantly superior
properties compared to those specified by Chinese national standards [31,32], including a
water absorption rate lower than 0.5% and a modulus of rupture greater than or equal to
35 MPa.
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Figure 10. Water absorption and rupture modulus under different SS content.

The influence of WCB content change on water absorption and modulus of rupture of
ceramic samples is illustrated in Figure 11 while keeping SS and talc content constant. It
can be observed that the modulus of rupture initially increases and then decreases with
increasing WCB content. The smallest modulus of rupture of the sample, 55.69 MPa, is
achieved at a WCB content of 30%, whereas the maximum value of 82.17 MPa is obtained
at a WCB content of 36%. Furthermore, as the WCB content increases, the water absorption
of ceramic samples significantly decreases from 3.07% at 30% to 0.04% at 33%, followed by
a slight increase; however, it remains consistently below 0.5%. Additionally, it should be
noted that the mechanical properties of all groups prepared with WCB contents ranging
from 30%—42% surpass those specified in Chinese national standards [31,32], which require
a modulus of rupture greater than or equal to 35 MPa and water absorption less than or
equal to 0.5%.

The influence of talc content on water absorption and modulus of rupture of ceramic
samples is illustrated in Figure 12 while keeping SS and WCB content constant. Initially,
an increase in talc content leads to a rise in modulus of rupture followed by a decline.
The lowest value of modulus of rupture (26.97 MPa) is observed at 33.3% talc content,
whereas the highest value (73.01 MPa) is obtained at 24%. Furthermore, there is an initial
decrease followed by a significant increase in water absorption with increasing talc content.
At 20% talc content, the water absorption is 0.106%, which reduces to 0.037% at 24%.
However, when the talc content exceeds 27%, there is a sharp deterioration in ceramic tile
performance as indicated by increased water absorption up to its maximum value of 12.31%.
Additionally, all properties for each group of ceramic bricks prepared with talc contents
between 20%-33.3% meet Chinese national standards [31,32] that require a modulus of
rupture greater than or equal to 35 MPa and water absorption less than or equal to 0.5%.
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Figure 12. Water absorption and modulus of rupture under different talc content.

3.2. XRD Analysis

The crystal composition in the sample remained unchanged with the increase in SS
content, as depicted in Figure 13. The identified crystal phases still included akermanite,
diopside, and magnetite. The variation trend in the intensity of the main diffraction peaks
for different crystal phases in samples prepared with varying SS contents is presented in
Table 9 (akermanite, 20 = 31.26; diopside, 26 = 31.26; magnetite, 20 = 62.08). Increasing the
SS content leads to a continuous enhancement of the diffraction peaks corresponding to
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akermanite and magnetite, while the diffraction peak associated with diopside consistently
exhibits a weakening trend.

& -Akermanite ICSD#98-003-4805
¢ -Subsilication ferrian diopside ~ ICSD#98-001-7045
v-Magnetite =+ ICSD#98-015-9969
*
SV &N R o ’*-&.1. P oy v YG-I
g YG-2
2
2 YG-3
O]
k=
YG-4
YG-5

10 20 30 40 50 60 70 80 90
206(degree)

Figure 13. XRD pattern of samples with different SS content.

Table 9. Strength of main diffraction peaks of samples with different SS contents.

Akermanite Diopside Magnetite

(I/Counts) (I/Counts) (I/Counts)
YG-1 2008 1363.33 256.667
YG-2 2658.33 1318.33 336.667
YG-3 2761.71 900 382.33
YG-4 3204.17 783.33 401.22
YG-5 3508.33 401.22 446.67

After examining Figure 14, it can be inferred that the inclusion of WCB does not alter
the crystal phases present in the sample. The primary constituents still comprise akerman-
ite, diopside, and magnetite. The variation trend in the main diffraction peak intensity
for each crystal phase in samples prepared with different WCB contents is presented in
Table 10 (akermanite, 20 = 31.26; diopside, 26 = 31.26; magnetite, 26 = 62.08). With an
increasing WCB content, significant changes are observed in the diffraction peak intensities
of each phase. Specifically, the diffraction peak intensities of akermanite and magnetite
gradually decrease, while that of diopside continues to increase. At a WCB content of
39%, the difference in diffraction peak intensity between akermanite and diopside becomes
indistinguishable; however, when the WCB content increases to 42%, the diffraction peak
intensity of diopside surpasses that of akermanite.
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Figure 14. XRD pattern of samples with different WCB content.
Table 10. Strength of main diffraction peaks of samples with different WCB contents.
Akermanite Diopside Magnetite
(I/Counts) (I/Counts) (I/Counts)
YZ-1 3111.67 283.33 458.33
YZ-2 3204.17 783.33 401.22
YZ-3 2512.33 1148.33 328.33
YZ-4 2250 1908.33 293.33
YZ-5 1496.67 2161.67 180

The addition of talc content did not result in the formation of any new crystal phases
in the sample, except for akermanite, diopside, and magnetite, as shown in Figure 15.
The trends in the intensity of the main diffraction peaks for crystalline phases in samples
prepared with varying talc contents are presented in Table 11 (akermanite, 20 = 31.26;
diopside, 26 = 31.26; magnetite, 20 = 62.08). However, significant changes were observed in
the diffraction peak intensities of each phase as the talc content increased. Specifically, an
increase in talc content resulted in a gradual decrease in relative abundance for the diopside
phase while causing a continuous rise in diffraction peak intensity for the akermanite
phase. At a talc content of approximately 31%, it became nearly impossible to observe
any discernible peak intensity associated with the diopside phase. It is noteworthy that
throughout this process, there was little change observed regarding magnetite crystal’s

diffraction peak intensity.

Table 11. Strength of main diffraction peaks of samples with different talc contents.

Akermanite Diopside Magnetite

(I/Counts) (I/Counts) (I/Counts)
YH-1 2728.33 973.33 361.66
YH-2 3204.17 783.33 401.22
YH-3 3426.67 908.33 456.66
YH-4 3491.67 166.67 156.667
YH-5 3521.43 156.667 446.67




Coatings 2024, 14, 434

15 of 24

&%-Akermanite
¢ -Subsilication ferrian diopside
v-Magnetite *

ICSD#98-003-4805
ICSD#98-001-7045
ICSD#98-015-9969

£

oy 4-* Q"" Sl s o & v YH-1

5 ﬂ H YH-2
N
2

§ YH-3
=

YH-4

YH-5

10 20 30 40 50 60 70 80 90
20(degree)

Figure 15. XRD pattern of samples with different talc content.

To further investigate the changes in crystalline phase content, we employed the
XRD powder diffraction Rietveld refinement method to accurately determine the relative
abundance of each crystalline phase present in the ceramic materials.

The relative proportions of crystal phases in samples with varying raw material
dosages are displayed in Table 12. It is evident that there is a significant increase in the
relative content of the akermanite phase in ceramic tile samples as the SS doping amount
increases. Initially, the relative content of the akermanite phase was only 40.3%, but it
surged to 75.7% with an increase in SS doping amount up to a certain extent, indicating
that SS plays a crucial role in promoting the formation of the akermanite phase. Meanwhile,
there is also a noticeable decrease in the relative content of diopside in ceramic tile samples,
as its initial proportion was high at 53.1%. This proportion keeps decreasing and finally
reaches 11.7% with an increase in SS doping amount. Additionally, during increasing
concentration levels of SS doping, there is a fluctuating trend observed for magnetite’s
relative content, showing an initial proportion at 6.6%, gradually rising to reach 12.5%.

The relative content of the diopside phase within the ceramic tile sample shows an
evident upward trend as the WCB content gradually increases. When the WCB content
reaches 50%, there is a substantial increase in diopside phase content from its initial value
of 8.2% to 72.9%. This finding emphasizes the essential role of WCB in facilitating diopside
phase formation. Simultaneously, there is an evident decreasing trend observed in the
relative content of the akermanite phase in ceramic tile samples. In the initial stage, the
akermanite phase accounted for as high as 80% of the total phases present; however,
with increasing WCB content, its proportion gradually decreased until it finally dropped
to 27.1%. Additionally, we also noted a declining trend in the relative content of the
magnetite phase during increases in WCB concentration. Initially, at 11.9%, its proportion
gradually diminished with rising levels until no presence of magnetite could be detected
when reaching a concentration level of 50%. With the increase in talcum powder content,
there is a significant upward trend observed in the relative content of the akermanite
phase within the ceramic samples. Initially, this phase accounts for only 64.5% of the
composition. However, when the talcum powder content reaches 31%, its proportion
rises significantly to 86.5% and remains unchanged thereafter, despite further increases
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in talcum yield. Concurrently, there was a substantial decrease observed in the relative
content of the diopside phase within the ceramic tile samples. Initially constituting as
high as 25.3% of the composition, its content continued to decline with increasing talc
content until it completely disappeared at a talc content of 31%. Furthermore, following
the disappearance of diopside, a slight increase can be noted in the relative content of the
magnetite phase within these ceramic samples. This phenomenon may be attributed to
vacancies present within the diopside’s lattice structure that are capable of accommodating
metal ions [33]. Consequently, iron ions dissolve into diopside-forming magnetite crystals;
however, without any remaining diopside crystals within these samples, iron ions that
would have otherwise solid-dissolved exist instead as magnetite crystals, leading to an
increased relative content.

Table 12. Relative crystal phase content.

Akermanite (%) Diopside (%) Magnetite (%)

(CazMgSi207) (CaMg51206) (Fe304)
YG-1 40.3 53.1 6.6
YG-2 56.5 35.3 8.3
YG-3 57.5 33.6 8.9
YG-4 67.4 21.3 11.3
YG-5 75.7 11.7 125
YZ-1 80 8.2 11.9
YZ-2 67.5 21.3 11.3
YZ-3 59.2 32 8.8
YZ-4 47.2 51.8 1.0
YH-1 64.5 25.3 10.2
YH-2 67.5 21.3 11.3
YH-3 77.1 12.1 10.8
YH-4 86.3 - 13.7

3.3. SEM Analysis

The EDS spectrum analysis diagram of the sample, as shown in Figure 16, reveals
that the crystal morphology within the ceramic brick primarily consists of short columnar,
plate-like, and rhombohedral structures. By combining XRD analysis with this observation,
it becomes evident that the hexagonal-based columnar and plate-like crystals (labeled A
and B, respectively) correspond to akermanite [34], while the irregular tetragonal-based
columnar crystals (labeled C) correspond to diopside [17]. Furthermore, the thombohedral
structure corresponds to magnetite crystals (labeled D) [35]. Additionally, it is noteworthy
that Si, Ca, and Mg are predominantly concentrated in both akermanite and diopside
phases, whereas Fe is mainly distributed within the glass phase along with magnetite
phases. Only a small amount of Fe solidly dissolves into the diopside phase. Lastly, Al is
primarily distributed within the glass phase.

The SEM diagram in Figure 17 illustrates the surface morphology of the sample with
varying SS content, magnified by a factor of 100. The shape and distribution of surface
features change as SS content varies. At an SS content of 30%, numerous irregularly shaped
pores with an average diameter of 56 pm and several larger holes exceeding 85 um in
diameter are observed on the sample surface. Upon increasing the SS content to 35%,
pore distribution becomes more uniform, exhibiting rounder shapes, and is no longer
concentrated in specific areas; furthermore, the average pore size decreases to 46.92 pm.
With a further increase in SS content, both the number and size of pores on the sample
surface progressively decrease. When reaching an SS content of 45%, the smallest average
pore diameter within the sample is achieved (35.15 um). However, at an SS content of 50%,
large pores larger than 100 um start appearing on the ceramic surface again, leading to a
rise in average pore size (61.32 pm).
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Figure 16. EDS diagram of ceramic tile sample (A and B correspond to akermanite, C indicates
diopside, and D denotes magnetite).

Figure 17. SEM images of samples at 100 x magnification under different SS conditions: (a) YG-1;
(b) YG-2; (c) YG-3; (d) YG-4; (e) YG-5.

The SEM images in Figure 18 depict samples with varying SS content, revealing
corresponding changes in crystal type and density within the material. It is evident from
the observations that an increase in SS content leads to a gradual rise in the number
of columnar crystals, plate crystals, and rhombohedral crystals with hexagonal bottom
surfaces, while the count of columnar crystals with irregular quadrilateral bottom surfaces
decreases gradually. These findings align with those presented in Table 12, which indicate
a progressive increase in relative contents of akermanite and magnetite phases alongside
a decrease in diopside content. Furthermore, Figure 18 demonstrates that as SS content
increases, there is a gradual enhancement in densification within the ceramic sintered
billet. In Figure 18a, numerous voids can be observed between crystal particles, suggesting
incomplete filling by the liquid phase during ceramic material sintering and consequently
low densification of the sintered billet. However, an increased amount of liquid phase
generated during sintering can effectively fill these voids within ceramic crystals, leading to
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improved ceramics densification [36], as depicted in Figure 18d. Nevertheless, excessive SS
content results in an overabundance of liquid phase, which may cause material deformation
due to inadequate support for high-temperature creep by particles. Excessive liquid also
promotes secondary recrystallization and the abnormal growth of individual grains while
inducing stress at grain boundaries, thereby compromising mechanical properties [37].

5 um 5 pm
Figure 18. SEM images of samples at 2000 x magnification under different SS conditions: (a) YG-1;
(b) YG-2; (c) YG-3; (d) YG-4; (e) YG-5.

The SEM images in Figures 19 and 20 depict ceramic tile samples with varying WCB
content at different magnifications. The results indicate that as the WCB content increases,
the surface pore size of the sample gradually decreases and then increases. Initially, the
average pore size is 79 um, which reduces to 35.6 um at a WCB content of 35% but
subsequently rises to 54.9 pm at a WCB content of 50%. Furthermore, Figure 19 reveals
that when the WCB content increases from 30% to 35%, surface pores transition from a
few interconnected pores with diameters greater than 90 um to numerous tiny pores with
diameters less than 50 um; as the WCB content continues to increase, these pores transform
into several interconnected porosity loops with larger diameters.

Figure 19. SEM images of samples at 100 x magnification under different WCB conditions: (a) YZ-1;
(b) YZ-2; (c) YZ-3; (d) YZ-4; (e) YZ-5.
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Figure 20. SEM images of samples at 2000 x magnification under different WCB conditions: (a) YZ-1;
(b) YZ-2; (¢) YZ-3; (d) YZ-4; (e) YZ-5.

Additionally, Figure 20 demonstrates that changes in grain composition within the
sample align with XRD diffraction patterns. With increasing WCB content, there is a gradual
decrease in hexagonal cylinder crystals, plate crystals, and rhombohedral hexahedral
crystals on the bottom of the ceramic sample, while irregular quadrilateral cylinder crystals
become more prevalent.

Moreover, Figure 20 also illustrates a gradual decrease in the internal density of
the ceramic sample as its WCB content increases. In Figure 20a, it can be observed that
grain particles are closely connected through glass phase material, indicating the complete
filling of internal grain spaces by liquid phase ceramic material at high temperatures. This
results in high-density ceramic bodies formation rate declines due to higher proportions
of introduced WCB, leading to incomplete filling into crystal structures and causing an
overall decline in density for ceramic bricks, observable in Figure 20b.

The influence of different talc contents on the morphological characteristics of the
samples is shown in Figures 21 and 22 at magnifications of 100x and 2000 x, respectively.
The results indicate that when the talc content is below 30%, the surface of the sample
mainly consists of non-connected large pores. As the talc content increases, pore size
gradually decreases and then starts to increase. The average pore diameter decreases from
44.63 um at a content of 20% to 35.01 um at a content of 25%, and then gradually rises to
38.12 um at a content of 30%. However, after reaching a talc content above 35%, numerous
interconnected small pores appear on the surface, resulting in roughness and unevenness.
This phenomenon becomes more pronounced with further increases in talc content.

Furthermore, Figure 22 shows that as the talc content increases, there is an increasing
relative proportion of hexagonal columnar crystals and layered crystals on the bottom
surface inside the ceramic sample, while irregular quadrilateral columnar crystals decrease
gradually. Although there are very few rhombic dodecahedron crystals present, their
quantity remains almost unchanged. In addition, Figure 22 also demonstrates that with
increasing talc content, both crystal quantity and size within the ceramic material gradually
decrease. In Figure 22a—c, it can be observed that grain boundaries are tightly connected by
the glass phase between crystal particles, indicating the complete filling of liquid phase
into intergranular voids during high-temperature processing, resulting in higher density
for ceramic green bodies; however, with higher proportions of introduced talc (as shown in
Figure 22¢,d), the internal structure becomes looser with a reduced number of grains and
decreasing amount of glass phase filling intergranular gaps, which suggests incomplete
sintering for ceramic materials at this stage.
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Figure 21. SEM images of samples at 100 x magnification under different talc conditions: (a) YH-1;
(b) YH-2; (c) YH-3; (d) YH-4; (e) YH-5.

Figure 22. SEM images of samples at 2000 x magnification under different talc conditions: (a) YH-1;
(b) YH-2; (¢) YH-3; (d) YH-4; (e) YH-5.

3.4. Economic Analysis

The market prices of raw materials for ceramic production in China in 2024 are
presented in Table 13, while Table 14 illustrates the proportions of traditional ceramic brick
production raw materials and the group of raw materials with optimal performance for
ceramic bricks in this experiment. Based on Tables 13 and 14, it can be deduced that the
cost of traditional ceramic materials amounts to CNY 1040 per metric ton, whereas the
price per metric ton for the experimental formula is merely CNY 285. If this experimental
formula is employed for ceramic brick production, a significant reduction of approximately
72.6% can be achieved in terms of raw material costs.

Table 13. The price of raw materials for ceramic production.

Materials Porcelain Clay  Porcelain Stone Quartz Talc SS WCB

Price (CNY/ton) 1000 1500 450 950 0 0
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Table 14. Proportions of raw materials utilized in ceramic production.

Porcelain Clay (%) Porcelain Stone (%) Quartz (%) SS (%) WCB (%) Talc (%)

Traditional ceramic tile
Ceramic tiles in this experiment

70 20 10 - - -
- - - 41 36 23

4. Discussion

The experimental results demonstrate a non-linear relationship between the water
absorption rate of ceramic tiles and the SS content, which initially decreases and then in-
creases. This can be attributed to the incorporation of SS leading to an increase in the liquid
phase, thereby enhancing the densification degree of ceramic materials. These findings are
well supported by the results presented in Figures 17 and 18. Additionally, it is observed
that the modulus of rupture of ceramic samples decreases with increasing SS content. This
phenomenon may arise from variations in both the relative content of main crystal phases
within the ceramic brick and the overall densification degree. Analysis results from Table 12
and Figure 18 suggest that at low SS contents, the internal densification of ceramics is
relatively poor, with strength primarily governed by internal pyroxene crystals during
this stage. As SS content increases further, diopside content decreases while akermanite
content increases. Although akermanite exhibits lower crystal phase strength compared to
diopside, increased liquid phase production leads to enhanced ceramic densification and
the closer arrangement of crystals. Consequently, internal strength predominantly relies on
ceramic densification at this stage [38]. However, excessive liquid phase due to higher SS
contents causes deformation within the ceramic tile particles, resulting in a decline in water
absorption rate and modulus of rupture.

With the increase in WCB content, the water absorption rate of ceramics initially
exhibits a significant decrease followed by a slight increase within a narrow range. This
phenomenon can be attributed to the relatively high concentration of alkali metal elements
in the ceramic body at low WCB content, resulting in excessive liquid phase formation
during sintering and leading to the over burning of ceramic tiles [39]. Consequently, this
results in higher water absorption rates and lower fracture modules. Figure 19 effectively
illustrates this point. Subsequently, as the WCB content increases further, the occurrence of
over burning diminishes, causing an increase in both water absorption rate and modulus
of rupture for ceramic tiles. However, with a continued rise in WCB content, there is a
reduction in liquid phase generation at high temperatures, which subsequently slightly
lowers the density of ceramics and leads to a minor increase in water absorption rate along
with a decrease in modulus of rupture.

With the increase in talc content, the modulus of rupture of ceramic samples shows a
slight initial increase followed by a sharp decrease. This variation can be attributed to the
relative content and density of the main crystal phases present in ceramic tiles. As shown
in Figure 20, ceramics with lower talc contents experience excessive sintering, leading to
a decline in mechanical properties. Subsequently, as the talc content increases, excessive
sintering decreases, and overall mechanical properties improve. However, when the talc
content is further increased to 27%, both internal density and diopside content slightly
decrease, resulting in a minor reduction in strength for ceramic samples. Nevertheless,
as the talc content continues to rise to 31%, it becomes evident from Figures 21 and 22
that ceramics no longer achieve complete sintering; porosity increases while internal
densification decreases; structure becomes more porous; and the formation of internal
crystals also significantly reduces; consequently, a drastic drop occurs in modulus of rupture
for this particular ceramic sample. Although both talc and waste clay bricks primarily
consist of silicates as raw materials, even when waste clay brick dosage is increased up to
50%, an inadequate sintering phenomenon is not observed for ceramic materials. This may
be attributed to waste clay bricks containing flux material such as sodium feldspar, which
lowers the sintering temperature for ceramics [40]. However, such additives are absent
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in talc, which makes it challenging for ceramics to undergo effective high-temperature
sintering after incorporating large amounts of talc [41].

The primary cost structure of traditional ceramic tiles includes expenses for raw ma-
terials, labor costs, energy consumption, and other miscellaneous expenditures such as
transportation, packaging, and storage. Raw material costs account for approximately
one-third of the total tile cost, while labor costs make up around one-fourth to one-third.
Currently, energy expenses represent about one-fifth of the overall expenditure, with other
costs accounting for roughly one-tenth to one-twentieth. Given that the solid waste materi-
als used in this experiment are challenging-to-handle industrial waste products, their ac-
quisition cost can be disregarded. If the formula derived from this experiment is employed
for ceramic tile production purposes, it would result in a significant reduction of 72.6% in
raw material expenses. Consequently, this would lead to an approximate 24.2% decrease
in total incurred costs. Furthermore, since the sintering temperature required for these
experimental ceramic tiles is only 1190 °C—lower than that used in traditional ceramics—it
also has the potential to reduce energy consumption during ceramic production.

5. Conclusions

The ceramic material achieved optimal performance when the SS content remained
unchanged and the WCB and talc contents were increased to 45%. In this case, the modulus
of rupture reached 73.01 MPa, and the water absorption rate was reduced to 0.037%.
Similarly, by keeping the SS and talc contents constant while increasing the WCB content to
40%, a ceramic material with improved performance was obtained, exhibiting a modulus of
rupture of 82.17 MPa and a water absorption rate of 0.071%. Furthermore, without altering
the SS and WCB contents, incorporating 25% talcum resulted in a ceramic material with
superior properties, including a modulus of rupture of 73.01 MPa and a water absorption
rate of 0.037%.

The addition of SS facilitated an increased liquid phase formation during the sintering
process, effectively filling micropores within the ceramic material structure and enhancing
its overall performance characteristics. However, the excessive incorporation of SS led
to an overabundance of liquid phase, which caused over burning effects on mechanical
properties due to excessive heating exposure.

Additionally, higher levels of SS content induced transformation from the diopside
crystal phase to the akermanite phase. While WCB addition reduced liquid phase genera-
tion at high temperatures as well as decreased ceramic density due to its fluxing component
albite presence, extensive incorporation did not negatively impact sintering quality in
general terms.

Moreover, WCB promoted transformation from akermanite back into diopside crystal
phases. A small amount of talc proved beneficial in mitigating over burning issues arising
from alkali metal elements introduced through SS components; however, excessive talc
content resulted in insufficient fluxing components, leading to incomplete sintering at
temperature conditions set at 1190 °C. Furthermore, talc inclusion facilitated transformation
from the diopside crystal phase into the akermanite phase.

Compared to traditional ceramic tiles, the utilization of the formula in this experiment
results in a remarkable reduction in raw material costs, amounting to a decrease of 72.6%.
Additionally, the overall cost is reduced by approximately 24.2%.
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