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Abstract: In this study, SiO,—Al,O3-CaO-MgO steel slag ceramics containing 5 wt % MgO were used
for the preparation of ceramic bodies, with the replacement of 5-20 wt % quartz and feldspar by fly
ash. The effect of the addition of fly ash on the sintering shrinkage, water absorption, sintering range,
and flexural strength of the steel slag ceramic was studied. Furthermore, the crystalline phase
transitions and microstructures of the sintered samples were investigated by XRD, Fourier transform
infrared (FTIR), and SEM. The results showed that the addition of fly ash affected the crystalline
phases of the sintered ceramic samples. The main crystal phases of the base steel slag ceramic sample
without fly ash were quartz, diopside, and augite. With increasing fly ash content, the quartz
diffraction peak decreased gradually, while the diffraction peak intensity of anorthite became
stronger. The mechanical properties of the samples decreased with the increasing amount of fly ash.
The addition of fly ash (0-20 wt %) affected the optimum sintering temperature (1130-1160 °C) and
widened the sintering range. The maximum addition amount of fly ash should be 15 wt %, for which
the optimum sintering temperature was 1145 °C, water absorption was 0.03%, and flexural strength
was 43.37 MPa higher than the Chinese national standard GBT 4100-2015 requirements.
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1. Introduction

Steel slag is a by-product of the steelmaking process that accounts for approximately 10-15% of
the steel production [1]. In China, the steel production in 2015 reached 804 million tons, and steel slag
production was about 100 million tons. However, the overall utilization rate is only about 22% [2].
If a large amount of steel slag is not used, it not only occupies land resources, but also causes the
waste of available resources and significantly pollutes the environment. In general, some of the steel
slag is used internally by steel companies as a flux and returned to the blast furnace for secondary
smelting or as a raw material for ironmaking. In addition, many scholars have conducted numerous
studies on topics such as the production of agrochemical fertilizers [3], the production of adsorbents for
wastewater treatment [4,5], the chemical leaching extraction of rare elements [6], and the production of
cement [7]. Due to the huge output of steel slag, it is necessary to develop other ways to utilize steel
slag. In addition to ceramic materials, the contribution of other materials to sustainability is also a
topic of study, such as cement-based ones [8-11], and in that way, the performance of several additions
and wastes, such as steel slags, has been analyzed.

Ceramic is an aluminosilicate material that can tolerate certain component fluctuations. The main
raw materials include minerals such as clay, quartz, and feldspar. In 2016, the output of Chinese
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building ceramics exceeded 10 billion m?, and the consumption of raw materials was approximately
350 million tons. Thus, building ceramics can consume steel slag and other solid wastes in
large quantities.

In recent years, research on the use of solid waste to prepare ceramics has become popular.
Dana et al. [12] used blast furnace slag, fly ash, and traditional ceramic materials to prepare ceramics
and studied the relationship between different solid waste contents and the ceramic mechanical
properties. Ji et al. [13] fabricated ceramic tiles by using fly ash as the main raw material and proposed
an alumina-rich ceramic system. Moreover, they systematically investigated the influences of fly
ash content on the macro properties and microscopic structures. Karamanova et al. [14] produced
ceramics from blast furnace slag, kaolin, and quartz, and studied the process of densification and the
formation of crystal phases. Pei et al. [15] used red mud to prepare ceramic bricks with a maximum
red mud content of 50 wt %, and studied the fixation mechanism of Na* ions in ceramic tiles. Further,
Beijing University of Science and Technology carried out a large number of studies on the use of
steel slag to prepare ceramics [16-18]. They used steel slag and traditional ceramic materials to
prepare steel slag ceramics with good performances by the sintering process of traditional ceramics.
The amount of steel slag was about 35 wt %. The influence of the addition amount of steel slag on
the performance, crystallization process, and densification process of steel slag ceramics was studied,
and a SiOp—Al,03-Ca0O-MgO (5 wt %) steel slag ceramic was proposed.

Based on S5i0Op—-Al,O3-CaO-MgO (5 wt %) steel slag ceramics, fly ash was used in this study to
replace quartz and feldspar in steel slag ceramics. The effects of different addition amounts of fly ash
on the sintering shrinkage, water absorption, flexural strength, and sintering temperature range of
steel slag ceramics were investigated. XRD, Fourier transform infrared (FTIR), and SEM were used
to evaluate the effect of fly ash on crystal phase and microstructure. In this study, not only steel slag,
but also a certain amount of fly ash was consumed, which lays the foundation for the better utilization
of steel slag and fly ash.

2. Materials and Methods

2.1. Raw Materials

The raw materials used in the present investigation were steel slag, clay, feldspar, quartz, talc,
and fly ash. Crushed and magnetically separated steel slag was supplied by the Shandong Iron
and Steel Group. The fly ash was provided by a thermal power plant located in Huhehaote City,
inner Mongolia, China. All of the other raw materials were taken from the Shandong province of
China. The major chemical compositions of the raw materials were analyzed by X-ray fluorescence
(XRF), and the results are shown in Table 1.

Table 1. Main chemical compositions of the raw materials.

Content (Wt 0/0) SIOZ CaO A1203 F9203 MgO Kzo NaZO TiOZ Ml‘lOz

Steel slag 11.65 52.69 2.07 21.89 4.18 0.10 0.14 1.05 2.78
Clay 64.28 0.98 20.38 8.99 0.71 3.25 0.16 0.96 -
Quartz 96.5 0.09 1.85 0.83 0.11 0.51 - - -

Feldspar 65.61 5.98 15.26 1.33 0.43 8.65 2.18 0.18 0.08
Talc 61.77 3.57 0.25 0.23 34 0.02 - - -
Fly ash 47.72 3.57 41.63 2.89 0.41 0.62 0.18 1.82 -

As can be seen from Table 1, the main composition of steel slag is SiO;,, CaO, FeO, and MgO.
Fly ash consists of 47.72% SiO, and 41.63% Al,Os. In feldspar, SiO;, Al,O3, KyO, and NayO are
the major components. The main components of talc are SiO, and MgO. The quartz has almost
no impurities. SiO; and Al,O3 are the main components of clay; however, alkali metal oxides are
also important.
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2.2. Preparation of Ceramic Samples

All of the raw materials were ground by dry milling for 30 min in a planetary ball mill (speed
150 r/min) and sieved to obtain particles of sizes between 150-200 mesh. The raw materials were
thoroughly mixed according to the batch composition shown in Table 2. The fly ash in the batches
was varied from 5 wt % to 20 wt %. A certain amount of clay guarantees the plasticity of the batch.
According to the batch composition, the mixtures were uniformly mixed with 5-6% moisture for better
compaction. Samples with dimensions of 50 mm x 7 mm x 10 mm were hydraulically compacted by
uniaxial pressing at a pressure of 25 MPa. The shaped samples were dried at 105 °C for 24 h until the
moisture content was reduced to less than 0.5%, followed by calcination in a muffle furnace at different
temperatures. The heating rate was 7 °C/min, and the temperature holding was 30 min. The obtained
samples were naturally cooled to room temperature in the furnace. The preparation process of the
sample is shown in Figure 1.

Table 2. Batch compositions of the samples (wt %).

Sample 1 2 3 4 5
Steel slag 35 35 35 35 35
Clay 25 25 25 25 25
Quartz 15 12.5 10 7.5 5
Feldspar 15 12.5 10 7.5 5
Talc 10 10 10 10 10
Fly ash 0 5 10 15 20

‘ Mixing and ball milling ‘ > [ Sieving (200 meshes) ] ’ ‘ Pressing (25 MPa) ‘

l

‘ Testing after cooled J ¢ ( Sintering in furnace W < Drying at 105°C for24 h

Figure 1. Processing route for the specimens.

2.3. Characterization of Ceramic Samples

The samples after being naturally cooled were characterized systematically. The microscopic
morphologies were observed by scanning electron microscopy (SEM, Carl Zeiss, Oberkochen,
Germany) operating at 25 kV. Before the SEM tests, the samples were etched with 0.5% HF for
60 s at room temperature and coated with carbon. The crystalline phase of samples was studied
by XRD using a Mac M21X powder diffractometer (Rigaku Corporation, Tokyo, Japan) and Fourier
transform infrared spectroscopy (FTIR, Nicolet iS10, Thermo, New York, NY, USA). The fired samples
were subjected to physical tests such as linear shrinkage, water absorption, and flexural strength.
On an average, three specimens were used for each measurement.

The linear shrinkage rate, LS (%), of the fired samples was determined by Equation (1):

Ls—Lc
s

LS(%) = x 100 1)
where Ls and Lc are the length (mm) of the green and fired sample, respectively.

The water absorption and flexural strength were measured according to the Chinese national
standard GB/T3810.4-2015.
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The water absorption, W (%), shows the relationship between the mass of the absorbed water
(My) to the mass of the dry specimen (1n17) as follows:
M1 — nmq

W (%) = <100 @)

The flexural strength, R (MPa), was calculated by the following formula:

3FL
R(MPa) = T 3)
where F is the breaking load, (N), L is the span between the support rads, (mm), b is the width of the
test sample, (mm), and # is the minimum thickness of the test specimen measured after the test along

the broken edge, (mm).
3. Results and Discussion

3.1. Physical and Mechanical Properties

The variations in sintering shrinkage, water absorption, and flexural strength of the samples
with firing temperature are shown in Figure 2. The sintering shrinkage of the samples is illustrated
in Figure 2a. The sintering shrinkage of samples 1—4 at 1110 °C is very low, which indicates that
the densification process has not started at 1110 °C. At 1120 °C, the sintering shrinkage is about 2%,
and increases with an increase in the sintering temperature, indicating that the sample has begun
to become dense. When the temperature reaches 1130 °C, the sintering shrinkage increases rapidly,
reaching 8% for samples 1-3 and about 5% for sample 4. At 1135 °C, the sintering shrinkage of sample
4 reaches about 8%, which indicates that the addition of fly ash significantly affects the densification
process of the sample. The sintering shrinkage increased rapidly from 1120 °C to 1130 °C for samples
1-3, and from 1120 °C to 1135 °C for sample 4. Above 1130 °C and 1135 °C, the sintering shrinkage
remains constant for samples 1-3 and sample 4, respectively. This was due to a large amount of liquid
phase in the two temperature ranges, which promoted the sintering reaction and filled the gap between
the grains. Compared with samples 1-4, the densification process of sample 5 begins at 1130 °C,
and the rapid shrinkage is caused by a large amount of liquid phase produced at the temperature
range of 1130 °C to 1150 °C; the sintering shrinkage slightly changes at higher temperatures.

Water absorption is another important factor for the progress of densification. The variation in
the water absorption of the samples is inversely proportional to the variation in sintering shrinkage,
as shown in Figure 2b. The water absorption is very low (close to 0) for samples 1 and 2 at 1130 °C,
for samples 3 and 4 at 1135 °C, and for sample 5 at 1160 °C. Beyond the respective temperatures of
1130 °C, 1135 °C, and 1160 °C, the water absorption remains generally unchanged for samples 1 and 2,
samples 3 and 4, and sample 5, respectively.

According to the appearances of the samples, it was inferred that sintering deformation occurs
when the sintering temperature is 1135 °C for samples 1 and 2, while the sintering deformation
temperatures of samples 3, 4, and 5 are 1140 °C, 1150 °C, and 1170 °C, respectively. Combined with
the analysis in Figure 2, the sintering range for samples 1 and 2 can be determined as 1130-1135 °C,
for sample 3 as 1135-1145 °C, for sample 4 as 1135-1150 °C, and for sample 5 as 1160-1170 °C.
The optimum sintering temperature is 1130 °C for samples 1 and 2, 1135 °C for sample 3, 1145 °C for
sample 4, and 1160 °C for sample 5.

According to the analysis in Figure 2, the physical properties of the samples at the optimum
sintering temperature are shown in Table 3. With an increase in the fly ash addition amount,
the optimum sintering temperature increased from 1130 °C to 1160 °C. The sintering shrinkage
and water absorption of samples 1-5 at the optimum sintering temperatures are similar, with the water
absorption below 0.5%, and the sintering shrinkage at about 8%. The difference is that the flexural
strength decreases with an increase in the fly ash addition amount. The national standard of Chinese
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architectural ceramics stipulates that the water absorption of an ordinary ceramic tile should be less
than 0.5%, and the lowest flexural strength should be 35 MPa. When the addition amount of fly ash
was 15 wt %, the flexural strength of the sample was 43.37 MPa, and when the addition amount of fly
ash was 20% wt %, the bending strength of the sample was 35.58 MPa, which had just reached the
Chinese national standard GBT 4100-2015 for ceramic tiles. Therefore, the maximum addition amount
of fly ash should be 15%.

The physical properties of the sample are strongly related to the crystalline phase and
microstructure; thus, XRD, FTIR, and SEM analyses are necessary.
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Figure 2. Variation in shrinkage, water absorption, and flexural strength at different sintering
temperatures: (a) shrinkage versus sintering temperature; (b) water absorption versus sintering
temperature; (c) flexural strength versus sintering temperature.

Table 3. Optimum sintering temperature and physical properties at the optimum sintering temperature.

Sample Sintering Sintering Water Flexural
Temperature, °C Shrinkage, % Absorption, % Strength, MPa
1 1130 8.18 0.26 62.2
2 1130 8.28 0.48 52.89
3 1135 7.96 0.04 51.12
4 1145 8.42 0.03 43.37
5 1160 7.94 0.26 35.58

3.2. XRD and FTIR Analyses

The XRD spectra of the sintered samples with different fly ash contents at the optimum sintering
temperature are shown in Figure 3. The main crystal phases of sample 1 are quartz, diopside, and augite.
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The diffraction peak of quartz decreases with an increase in fly ash content. For sample 4, the main
crystal phases are quartz, diopside, augite, and anorthite. With an increase in the fly ash content to
20 wt %, the diffraction peaks of quartz in sample 5 are hardly detectable, which implies that there is
either no quartz, or only a small amount. Diopside, augite, and anorthite constitute the main crystalline
phases. The reason for this is that, with an increase in fly ash addition, the SiO; content in the batches
decreases and the Al,O3 content increases. During sintering, the liquid phase is produced, and AI** is
dissolved in the diopside by diffusion in the liquid phase [19], which increases the diffraction peak of
augite. When the Al,Os content reaches a critical amount, anorthite is formed.
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Figure 3. XRD spectra of samples 1-5 at optimum sintering temperature.

To obtain more information on the effect of fly ash on phase transition, the FTIR spectra of

the samples were measured in the range of 400 cm ™! to 4000 cm ™! at room temperature, as shown
in Figure 4.
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Figure 4. Fourier transform infrared (FTIR) spectra of samples 1-5 at optimum sintering temperature.

The peak appearing at 1070 cm ! is attributed to the asymmetric stretching vibration of Si-O~ (O~:
non-bridging oxygen) bands in the Q3 (Q™: a tetrahedron with n bridging oxygen) tetrahedral units of
augite. The peak at 962 cm ™! shifted to a lower frequency when fly ash was added. The transmittance
bands occurring in the region of 400-550 cm ! are related to the bending vibration mode of Si-O-Si
bridges [20]. The peak at 930 cm ! in sample 5 is due to the vibration of the Q! and Q? units.
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The peak at 665 cm ™! is associated with the stretching vibrations of Si-O or Al-O bands of diopside or
augite. In samples 4 and 5, the peak at around 530 cm ™! is due to the increase in the fly ash content,
which leads to an increase in the Al,O3 content and the formation of anorthite, which results in the
bending vibration of Si-O-5i and the stretching vibrations of Ca-O in anorthite [21]. The peak at
459 cm~! is assigned to the bending mode of Si-O-Si and O-Mg-O of diopside and the stretching
vibration modes of the Ca—O band of anorthite [22]. The peak at 690 cm ! shifted toward lower
frequencies, which was due to the addition of fly ash causing an increase in Al,O3 content, and the
AIR* ions replaced the Si** ions in the tetrahedral structure of Si-O-Si to form a network structure of
Si-O-Al [23]. In sample 5, the disappearance of the peak at 798 cm ™! is related to the disappearance of
the quartz phase. These results are consistent with the results of XRD analysis.

3.3. SEM Analysis

SEM analysis was performed on the fractured surfaces of the sintered samples. The microscopic
morphologies of the fractures of samples 1-5 at the optimum sintering temperature are shown in
Figure 5. Two main features could be observed. First, pores are observed on the surface of all the
samples. These pores are closed pores, that is, the pores are not connected to each other. The presence
of closed pores played an important role in the low water absorption of the sintered samples [24].
This is consistent with the result of low water absorption of all of the samples, as shown in Table 3.
All of the pores are nearly round, but have different sizes. Most of the pores in sample 1 have a
diameter of 20-60 um. The pores increased with the increase in fly ash content. The pore diameter
of sample 5 was about 100 pm, and some even exceeded 110 pm. The presence of pores can affect
the mechanical properties of the sample, which is an important reason for the decrease in flexural
strength [25]. Second, Figure 5f— show the presence of many crystal in the five sintered samples.
Large massive quartz particles can be clearly seen in sample 1. With an increase in the amount of fly
ash, the quartz particles become smaller, and the amount is significantly reduced, which is consistent
with the results of XRD. Moreover, all of the samples had rod-shaped crystals of similar sizes, with a
length of 5-10 pm and a width of 2-3 um. They were arranged in a crisscross arrangement in the
sample, and were surrounded by the glass phase, imparting certain strength to the sintered sample.
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Figure 5. SEM micrographs of samples at the optimum sintering temperature: (a,f) sample 1;
(b,g) sample 2; (c,h) sample 3; (d,i), sample 4; and (e,j) sample 5.

The ceramics were sintered via the liquid phase sintering process. During the sintering process,
the glass phase is generated, which is also an important factor affecting the performance [26]. On one
hand, CaO and FeO are present in all of the samples, and their contents remain roughly the same.
The Ca—O bonds in CaO are easily broken at low temperatures to produce Ca®* ions, which diffuse
into the liquid phase and break the Si-O bonds. Therefore, the degree of glass network connection in
the liquid phase decreases, and the number of broken bonds increases, resulting in an increase in the
liquid phase and a decrease in liquid viscosity, which promotes the precipitation of crystals during the
sintering process [27]. The presence of FeO also promotes the production of liquid phases, as well as
the crystallization process [28].

On the other hand, in the presence of enough alkali metal ions such as Na* and K* or alkaline-earth
metal ions such as Mg?* and Ca?*, the aluminium element will first exist as a tetrahedral structure
[AlOy]. Since this structure is similar to the silicon tetrahedron [SiO4], Al atoms can substitute for
Si atoms to form Al-Si-O compounds as the Al;O3 content in the batch increases. The Al-Si-O
compounds lead to an increase in liquid viscosity [29]. The surplus negative charge of [AlO4] will
occur when the alumina concentration is increased. According to the crystalchemical formula and the
principle of electricalneutrality, the monovalent and divalent cations can be employed to maintain an
aluminium-oxygen tetrahedral balance, resulting in the formation of [AlO4],Mg, [AlO4]>Ca, [AlO4]K,
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and [AlO4]Na complexes [30,31]. The increase in fly ash addition amount gradually increases the
Al,O35 content. When the content of Al,Oj is excessive, the Ca?* and Na* ions are not sufficient to
fully compensate the [AlO4] entities, and the AP
This behavior will increase the viscosity of the liquid phase in the batch, resulting in an increase in the
sintering temperature and consequently leading to a decrease in the mechanical properties of the final

sintered sample [33].

ions will exist as an octahedral structure [AlOg] [32].

4. Conclusions

(1) Based on the steel slag ceramic, fly ash was used at a maximum addition amount of 20 wt %.
Sample 4 with a fly ash content of 15 wt % exhibited a sintering shrinkage of 7.36% at the
optimum sintering temperature, and its bending strength and water absorption were 43.37 MPa
and 0.03%, respectively, which is better than the requirements of the Chinese national standard
GBT 4100-2015 for ceramic tile. The range of sintering temperature widened from 1130-1135 °C
to 1135-1150 °C, allowing the addition of up to 50 wt % of solid waste.

(2) With an increase in the fly ash addition amount, the diffraction peak of the quartz phase in the
sintered sample gradually decreased. The main phases of the sample without added fly ash are
the quartz, diopside, and augite phases. When the amount is 15 wt %, the diffraction peak of the
anorthite phase increased. The main crystal phases were quartz, diopside, augite, and anorthite
phases. When the addition amount increased to 20 wt %, the diffraction peak of the quartz
phase disappeared.

(3) The pore size of the sintered ceramic samples increased with an increase in the fly ash addition
amount, which is an important factor affecting the strength of the sample, and the size of the
lath-shaped crystals was roughly the same. The addition of fly ash leads to an increase in the
Al O3 content, which increased the viscosity of the liquid phase; this affected the structure of the
glass phase and increased the optimal sintering temperature.
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