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Abstract: Steel slag, clay, quartz, feldspar, and talc were mixed to prepare steel slag ceramics.
Crystalline phase transitions, microstructures, and the main physical-mechanical properties (water
absorption, linear shrinkage, and flexural strength) of steel slag ceramics for various MgO/Al2O3 ratios
were investigated by X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron
microscopy, and mechanical testing. The results indicated the significant effect of the MgO/Al2O3

ratio on these properties. A decrease in the MgO/Al2O3 ratio resulted in a major crystalline phase
transformation from quartz and pyroxene phases to quartz and anorthite phases. High MgO content
facilitated production of pyroxene phases. High Al2O3 content favored production of anorthite
phases. The water absorption of all the samples (below 0.5%) met the Chinese national standard
requirements. Samples with an MgO/Al2O3 ratio of 0.6 exhibited excellent flexural strength, reaching
62.20 MPa. FactSage software was used to predict batch viscosity, which increased with decreasing
MgO/Al2O3 ratios.
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1. Introduction

The rapid development of the iron and steel industry in China has resulted in increased steel
slag production, accounting for values as high as 10–15% of total annual steel production [1,2].
For instance, estimated steel production in China in 2017–2018 was around 900 million t, and the
corresponding output of steel slag was about 120 million t. At present, the stockpile of steel slag
in China has reached approximately 1.3 billion t [3], but the comprehensive utilization rate is only
about 22%. Such a large amount of steel slag not only occupies land for storage, but also has adverse
effects on the environment, such as leaching of heavy metal ions, causing surface water, groundwater,
and air pollution, and eventually threatening human health. Many researchers have devoted efforts
toward the comprehensive utilization of steel slag and have made many breakthroughs. Currently,
steel slag is used as a resource in the production of cement [4–7], road, bridge, and water conservancy
project construction [8–11], and production of agricultural chemical fertilizers [12,13]. It also acts as a
replacement to limestone in steelmaking [14] and is used to extract valuable metals [15].

However, these applications fall short of using the entire amount of generated steel slag. Thus,
other large-scale reuse methods are still needed. Considering the composition of silicate and amorphous
glass phases, such as dicalcium silicate, tricalcium silicate, and so on, in steel slag, it is feasible to use
it in ceramic production. In recent years, much research has been conducted on ceramics prepared
from solid waste. Guo et al. [16] synthesized mullite ceramics using fly ash and desiliconized fly
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ash, and tested the physical and mechanical properties of the fired samples. The results showed that
desiliconized fly ash is more suitable for the preparation of mullite ceramics. Chukwudi et al. [17] used
converter steel slag and clay as raw materials to prepare ceramic bricks and observed good performance
with a steel slag content of 20–60%. Ozturk et al. [18] fabricated ceramic tiles using blast furnace slag
as a replacement for limestone and kaolin, and found that the strength of the ceramic tiles was 25%
higher than that of ordinary ceramic tiles when the blast furnace slag content was 33%. Jiang et al. [19]
produced ceramics from inferior clay and high proportions of Fe2O3, CaO, and bauxite tailings. The
effects of Fe2O3 and CaO were also investigated. Their findings indicated that Fe2O3 helps lower the
firing temperature and promotes the densification process, whereas CaO is beneficial to the creation of
anorthite and pyroxene at low temperatures. Using 30% steel slag content, Zhao et al. [20,21] prepared
steel slag ceramics with flexural strength and water absorption of 107 MPa and 0.045%, respectively.
The influence of Fe2O3, CaO, and Al2O3 on the performance, crystallization process, and densification
process of steel slag ceramics was also studied. The results demonstrated that both Fe2O3 and CaO are
beneficial to the processes of liquid phase sintering and densification. Al2O3 is first involved in the
formation of anorthite, followed by the disappearance of the anorthite phase into the liquid phase,
and finally, solid solution into the pyroxene phase. Ai et al. [22] prepared steel slag ceramics with
different MgO contents, and studied the influence of MgO on sintering temperature and crystal phase.

Considering the influence of Al2O3 and MgO on the crystal phase and mechanical properties of
ceramics, steel slag ceramics with different MgO/Al2O3 ratios were prepared in this study by changing
the Al2O3 and MgO contents. The effects of the MgO/Al2O3 ratio on the crystallization behavior,
microstructure, and major mechanical properties were investigated. Moreover, the batch viscosity
was calculated using FactSage software, and the influence of the MgO/Al2O3 ratio on this parameter
was discussed.

2. Experiment

2.1. Raw Materials and Composition Design

The raw materials used in the experiment were steel slag, clay, quartz, feldspar, and talc. Steel slag
was provided by the Shandong Iron and Steel Group, and the other raw materials were supplied by a
ceramic factory in Shandong. All the raw materials were ground to 200 mesh by ball mill and dried.
Their chemical compositions were determined by X-ray fluorescence analysis (XRF-1800, Shimadzu
Co., Tokyo, Japan), and the results appear in Table 1. The MgO content in talc was about 34 wt%,
which was used to adjust the MgO/Al2O3 ratio. The Al2O3 component in the raw materials was low.
In order to allow a better adjustment of the MgO/Al2O3 ratio, pure MgO and Al2O3 were added.
Both compounds were purchased from Sinopharm Group (Shanghai, China). Referring to previous
research [23] and the SiO2-Al2O3-CaO-MgO phase diagram [24], steel slag ceramics with a steel slag
content of about 30 wt% were prepared. The proportions of the raw materials were adjusted, and the
corresponding chemical compositions and MgO/Al2O3 ratios are listed in Table 2.

Table 1. Major chemical compositions of the raw materials as per XRF.

Content (wt%) SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O TiO2 MnO2

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 34.00 0.02 - - -
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Table 2. Main chemical compositions and characteristics of the experimental batches.

M1 (g) M2 (g) M3 (g) M4 (g) M5 (g) M6 (g)

SiO2 49.79 48.82 50.64 48.23 47.41 47.60
CaO 18.92 18.55 19.96 19.00 17.71 16.88

Al2O3 7.57 9.35 8.41 12.68 15.13 17.63
Fe2O3 9.75 9.55 10.26 9.77 9.57 8.94
MgO 9.05 8.88 5.12 4.88 4.74 3.54
K2O 1.77 1.74 2.22 2.12 2.21 2.31

Na2O 0.31 0.30 0.42 0.40 0.39 0.42
TiO2 0.60 0.59 0.64 0.60 0.62 0.60

MnO2 0.92 0.91 0.98 0.94 0.88 0.79
MgO/Al2O3 1.2 0.9 0.6 0.4 0.3 0.2

2.2. Preparation of Ceramic Samples

The raw materials were thoroughly mixed according to the batch compositions listed in Table 2.
The mixtures were ground by dry milling for 30 min in a planetary ball mill (QM-QX10, Nanjing
NanDa Instrument Plant, Nanjing, China) at 150 rpm, and then, about 5% moisture was added for
better compaction. Samples with dimensions of 50 mm × 7 mm × 10 mm were hydraulically compacted
using uniaxial pressing at 25 MPa. The shaped samples were dried at 105 ◦C for 24 h, followed by
calcination in a muffle furnace at temperatures ranging from 1110 to 1150 ◦C. The heating rate was
7 ◦C/min, and the temperature holding time was 30 min. The obtained samples were naturally cooled
in the furnace to ambient temperature.

2.3. Characterization of Ceramic Samples

The crystallized phases were detected by X-ray diffraction (XRD, M21X, Mac Science Limited,
Tokyo, Japan) with Cu Kα radiation and Fourier transform infrared spectroscopy (FTIR, Nicolet IS10,
Thermo Nicolet Corporation, Texas, USA). Scanning electron microscopy (SEM, SU8020, Hitachi Limited,
Tokyo, Japan) was used for microstructural observations operating at 3.0 kV. Before the SEM observations
were conducted, the surface of the ceramic samples were polished and etched with 0.5% HF for 60 s
at room temperature and a carbon coating was applied. The flexural strength was measured using a
three-point loading method, with a span and loading rate of 30 mm and 0.5 mm min−1, respectively.
Linear shrinkage was measured by a vernier calliper (Digital calipers, Shanglu corporation, Shanxi,
China) and characterized using the variation (L0 − L1)/L0 in the length of the final product, where L0

and L1 are the lengths of the samples before and after the sintering, respectively. Water absorption of
the sample was determined by the Archimedes drainage method, using a ceramic water absorption
vacuum device (CXK-A, Ningxia Machinery Research Institute, Ningxia, China).

3. Results and Discussion

3.1. Calculation of Viscosity by FactSage Software

Production of steel slag ceramics includes the processes of proportioning of raw materials,
ball milling and mixing, forming, drying, and firing. The processes of drying and firing can be grouped
as heat treatment, and the firing process consists of sintering and vitrification. The firing process can
make the the ceramic body transform from porous and non-compact to densification. The particles
become tight through the solid diffusion. The glass phase is produced during the process and serves
as a reaction medium to allow diffusion at lower temperatures [25]. The viscosity of the glass phase
directly affects crystallization/crystal growth. These values were predicted by the Viscosity module of
FactSage software (FactSage5.5, Thermfact/CRCT, Montreal, Canada, 2016) [26,27], and the results are
shown in Figure 1.



Appl. Sci. 2019, 9, 4741 4 of 10

Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 10 

850 900 950 1000 1050 1100 1150 1200 1250 1300
1

2

3

4

5

6

7

8

9

1120 ℃

M1
M2
M3

M4

M5

ln
(μ

/P
a·

s)

Temperature/℃

1130 ℃

1140 ℃

M6

 
Figure 1. Viscosity of steel slag ceramic samples with different MgO/Al2O3 ratios between 900 and 
1250 °C. 

The decrease in the MgO/Al2O3 ratio has a significant effect on the viscosity of the samples. The 
optimum sintering temperature of each sample can be determined by testing its properties in 
sintering experiments at different temperatures. The optimum sintering temperature is 1120 °C for 
samples M1 and M2, 1130 °C for samples M3 and M4, and 1140 °C for samples M5 and M6. The 
viscosity showed an increasing trend with a decreasing MgO/Al2O3 ratio. At the optimal sintering 
temperature, the viscosity of M1 was 12.4 Pa·s, while that of M6 was 70.1 Pa·s. Generally, when the 
viscosity is too low, phase separation occurs easily in the process of crystal formation [28] (as is the 
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Figure 1. Viscosity of steel slag ceramic samples with different MgO/Al2O3 ratios between 900 and
1250 ◦C.

The decrease in the MgO/Al2O3 ratio has a significant effect on the viscosity of the samples.
The optimum sintering temperature of each sample can be determined by testing its properties in
sintering experiments at different temperatures. The optimum sintering temperature is 1120 ◦C
for samples M1 and M2, 1130 ◦C for samples M3 and M4, and 1140 ◦C for samples M5 and M6.
The viscosity showed an increasing trend with a decreasing MgO/Al2O3 ratio. At the optimal sintering
temperature, the viscosity of M1 was 12.4 Pa·s, while that of M6 was 70.1 Pa·s. Generally, when the
viscosity is too low, phase separation occurs easily in the process of crystal formation [28] (as is the
case for M1). Too high a viscosity is not beneficial for phase polymerization during the crystallization
process (as in the case of M6). The better viscosity should be 20.5 Pa·s, as observed for sample M3,
as the phase separation may be blocked, and the crystal polymerization will be promoted. These factors
are favorable for the improvement of mechanical properties.

3.2. XRD Analysis of the Ceramic Samples

The composition of traditional ceramics can be likened to that of an Al2O3-SiO2 system, whose
crystalline phase is mainly mullite. However, steel slag ceramics belong to the SiO2-CaO-MgO-Al2O3

system because of the existence of CaO, FeO, and MgO. Due to this difference, the phase composition
of steel slag ceramics obviously differs from that of traditional ceramics. The firing temperature for
steel slag ceramics is very high but does not exceed the melting point temperature. The glass phase
generated inside the ceramics serves as a reaction medium, so that crystals are formed and precipitate.
The crystal phase composition of the fired sample was analyzed using XRD.

Figure 2 demonstrates the crystal phase composition of the ceramic samples. It shows that the
crystal phase changes from 1.2 to 0.2 under various MgO/Al2O3 ratios. The main crystalline phases
in sample M1 are quartz, diopside, and diopside ferrite. The decrease in the MgO/Al2O3 ratio to 0.6
resulted in the appearance of the augite phase in M3. This can be attributed to the relatively low
viscosity of the sample, which leads to the formation of an augite phase with more impurities. As the
MgO/Al2O3 ratio continues to decrease, the main crystalline phase of the sample changes into the
quartz, diopside, and anorthite phases. That is, a high MgO content is beneficial to the production of
the pyroxene phase (including augite, diopside, and diopsideferrite), whereas a high Al2O3 content is
more favorable for the production of the anorthite phase.
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Figure 2. XRD spectra of the ceramic samples.

3.3. FTIR Analysis of the Ceramic Samples

In order to obtain supplementary information on the phase transformation, FTIR spectra of
the samples were measured in the range of 400 cm−1 to 2500 cm−1 at room temperature, as shown
in Figure 3.
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Figure 3. FTIR spectra of the samples.

The peaks at around 1070 cm−1 and 965 cm−1 are due to the asymmetric stretching vibration
of Si-O− (O−: non-bridging oxygen) bands in O3 and Q2 (On: the N bridging oxygen bond in the
tetrahedral structure) tetrahedral units of the augite or diopside phase [29]. The peak at around
630 cm−1 is attributed to the symmetric stretching vibration of Si-O bands in Q0 tetrahedral units of the
augite or diopside phase. The decrease in the MgO/Al2O3 ratio resulted in a reduction in the pyroxene
phase in samples M5 and M6, leading to a gradual weakening of the peaks at around 965 cm−1 and
630 cm−1, respectively. The peak appearing at about 800 cm−1 is related to the bending vibration of
Si-O-Si [30]. The peak at around 695 cm−1 is assigned to the stretching vibration of Si-O or Al-O bonds
of the augite or diopside phase [31]. The peak at around 457 cm−1 is associated with the stretching
vibration modes of the Si-O-Si bond and O-Mg-O of the diopside phase [32]. The peak at 567 cm−1 in
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the spectra of samples M4, M5, and M6 appears due to the decrease in the MgO/Al2O3 ratio, leading to
the formation of the anorthite phase and the corresponding bending vibration of Si-O-Si and Ca-O
bands of the anorthite phase [33]. These results are consistent with the XRD spectra analysis.

3.4. SEM Analysis of the Ceramic Samples

The SEM images of the investigated samples reveal the microstructure of the crystal phase,
as shown in Figure 4. Figure 4a–f shows that all the samples have approximately circular pores on the
surface, but their size and number are diverse. The pore size of sample M1 is small and the number of
pores is less. However, the pore size and amount gradually increase with a decrease in the MgO/Al2O3

ratio. It is well-known that ceramics sintering is a liquid-phase sintering process, and this phase is
produced during sintering [34]. Particles aggregate, adhere, and migrate under the action of the liquid
phase, filling the pore spaces generated by the decomposition of the minerals. As the MgO/Al2O3 ratio
was decreased, the viscosity of the liquid phase increased, which slows down the flow of the liquid
phase. Thus, filling the pores becomes difficult. Thus, the number and size of the pores increase.
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As shown in Figure 4g–l, most of the crystals have a complicated structure, which reveals that
the ceramic samples underwent a good crystallization process. The crystals of all the samples were
prismatic in shape, with a length of 2–5 µm. The crystals were arranged in a crisscross manner and
were surrounded tightly by the glass phase, which improved their mechanical properties. The glass
phase was formed during the vitrification process and played an important role in the mechanical
properties and densification of the ceramic samples. Thus, the role of oxides in the glass melt process
is crucial during vitrification and crystallization.

3.5. Physical-Mechanical Properties

The main physical-mechanical properties of the samples with different MgO/Al2O3 ratios are
shown in Figure 5. It is obvious that the water absorption of all the samples (below 0.5%) meets the
requirements of the Chinese national standard (GBT 4100-2015), which indicates that the samples have
a good densification state. The linear shrinkage increases with a decreasing MgO/Al2O3 ratio, with the
corresponding values for samples M5 and M6 reaching 10.5% and 10.8%, respectively.
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high, and Al2O3 is converted from an intermediate oxide to a network modifier. This increases the 
viscosity of the sample and hinders the process of vitrification. The national standard for Chinese 
architectural ceramics stipulates a minimum flexural strength of 35 MPa, whereas the ceramic 
samples prepared for different MgO/Al2O3 ratios showed a flexural strength higher than 50 MPa. 

4. Conclusions 

Ceramics were successfully prepared from steel slag, clay, quartz, feldspar, and talc for various 
MgO/Al2O3 ratios. The water absorption of the ceramic samples was below 0.5%, and their flexural 
strength exceeded 50 MPa. Both aspects fulfilled the respective Chinese national standard (GBT 4100-
2015) requirements. 

The MgO/Al2O3 ratio plays a crucial role in the samples’ crystallization and mechanical 
properties. The main crystalline phases in sample M1 were quartz, diopside, and diopside ferrite. 
With the gradual decrease in the MgO/Al2O3 ratio, the main crystalline phases of the sample were 
quartz, diopside, and anorthite. High MgO concentration was beneficial for the formation of the 
pyroxene phase, whereas high Al2O3 concentration favored the formation of the anorthite phase. 
Proper amount of Al2O3 was beneficial to improve the mechanical strength of ceramics, and excessive 
Al2O3 would destroy its structure. 

Samples with an MgO/Al2O3 ratio of 0.6 demonstrated excellent flexural strength, reaching 
values as high as 62.20 MPa. The viscosity increased with the decrease in MgO/Al2O3 ratio (from 12.4 
Pa·s at an MgO/Al2O3 ratio of 1.2, to 70.4 Pa·s at an MgO/Al2O3 ratio of 0.2). 
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Figure 5. Liner shrinkage, water absorption, and flexural strength of the samples.

When the MgO/Al2O3 ratio was reduced from 1.2 to 0.6, the flexural strength of sample M3 reached
a maximum value of 62.20 MPa, but when the MgO/Al2O3 ratio continued to decrease, the flexural
strength also decreased. This is because the Al2O3 content of samples M4 and M5 was too high,
and Al2O3 is converted from an intermediate oxide to a network modifier. This increases the viscosity
of the sample and hinders the process of vitrification. The national standard for Chinese architectural
ceramics stipulates a minimum flexural strength of 35 MPa, whereas the ceramic samples prepared for
different MgO/Al2O3 ratios showed a flexural strength higher than 50 MPa.

4. Conclusions

Ceramics were successfully prepared from steel slag, clay, quartz, feldspar, and talc for various
MgO/Al2O3 ratios. The water absorption of the ceramic samples was below 0.5%, and their
flexural strength exceeded 50 MPa. Both aspects fulfilled the respective Chinese national standard
(GBT 4100-2015) requirements.

The MgO/Al2O3 ratio plays a crucial role in the samples’ crystallization and mechanical properties.
The main crystalline phases in sample M1 were quartz, diopside, and diopside ferrite. With the
gradual decrease in the MgO/Al2O3 ratio, the main crystalline phases of the sample were quartz,
diopside, and anorthite. High MgO concentration was beneficial for the formation of the pyroxene
phase, whereas high Al2O3 concentration favored the formation of the anorthite phase. Proper amount
of Al2O3 was beneficial to improve the mechanical strength of ceramics, and excessive Al2O3 would
destroy its structure.

Samples with an MgO/Al2O3 ratio of 0.6 demonstrated excellent flexural strength, reaching values
as high as 62.20 MPa. The viscosity increased with the decrease in MgO/Al2O3 ratio (from 12.4 Pa·s at
an MgO/Al2O3 ratio of 1.2, to 70.4 Pa·s at an MgO/Al2O3 ratio of 0.2).
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