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Abstract. Air quenched steel slag is much more difficult to utilize than other kinds of steel slag. 50 %
percent of air quenched steel slag was used to prepare brown decorative ceramics. Due to the broken
(SiO4)n glass network, the optimum sintering temperature decreases with increasing Na2O and MgO,
respectively. The major crystalline phase of the samples is diopside (CaMgSi2O6) with minor
anorthite phase (CaAl2Si2O8). Due to remelted glass phase, the X-ray diffraction intensity of the
samples decreases with increasing Na2O, while the intensity increases with increasing MgO which is
beneficial to crystallization of the samples. The bending strength of the samples decreases with
increasing Na2O (from 155.3+/-2.49 MPa to 143.1+/-2.01 MPa), while the strength increases with
increasing MgO (from 147.4+/-3.44 MPa to 169.4+/-4.04 MPa). The Vickers hardness of the samples
shows similar trends with the bending strength. The samples exhibit much better mechanical
properties than marble, granite, tile and other similar ceramics reported, and present good chemical
resistance. Therefore, The ceramics based on air quenched steel slag may have great potential for
applications as building decorative materials, and it provides a promising way for the utilization of air
quenched steel slag.
Introduction
Steel slag is a kind of intractable industrial waste, which is produced as a byproduct from either the
conversion of iron to steel in basic oxygen furnace, or the melting of scrap in electric arc furnace. The
chemical composition of steel slag is highly variable depending on the raw materials and production
process, and the utilization of steel slag is difficult [1,2]. According to different cooling methods, air
cooled steel slag, water quenched steel slag, water sprayed steel slag, air quenched steel slag, etc. are
obtained respectively during the cooling process of molten slag. Since air quenched steel slag is very
hard, and much more difficult to be ground than air cooled, water quenched or water sprayed steel
slag, the utilization of air quenched steel slag is more difficult [3]. So far, there have been no effective
ways for largely utilization of air quenched steel slag.
Air quenched steel slag contains calcium oxide, silicon dioxide, magnesium oxide and so on,
which are the important component of glass ceramics. In recent years, coal combustion ash [4,5],
blast furnace slag [6,7], fly ash and filter dusts from waste incinerators [8-10], mud from metal
hydrometallurgy [11,12], different types of sludge [13,14] and other industrial wastes [15,16] have
been used for the preparation of glass ceramics. Khater [17] has reported that glass ceramics based on
56.78 % blast furnace slag were prepared by mixing quartz sand, dolomite, limestone and clay as
other batch constituents. The glass ceramics obtained from vitrified sewage sludge have been studied
by Bernardo and Dal Maschio [18], and the sample features good mechanical properties and a
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negligible release of heavy metals. Liquid-liquid mixing method was proposed by Zhang et al. [19] to
prepare glass ceramics from molten water quenched steel slag, which provides a novel approach to
achieve zero disposal of steel slag with utilization of the heat energy of the molten water quenched
steel slag. As mentioned above, air quenched steel slag is much more difficult to utilize than other
kinds of steel slag, and studies on preparation of glass ceramics based on air quenched steel slag have
not been reported yet.
In this paper, glass ceramics were prepared using 50 % percent of air quenched steel slag. The
effects of Na2O and MgO on the optimum sintering temperature, crystalline phase, bending strength,
Vickers hardness, chemical resistance and bulk density of the samples were investigated, and
mechanical properties of the glass ceramic were compared with those of marble, granite, tile and
other similar glass ceramics reported.
Experimental Procedure
Preparation of Glass-Ceramics
Air quenched steel slag used in this work was obtained from Maanshan Iron and Steel Co. Ltd., and
the chemical composition of the steel slag is shown in Table 1. The steel slag was dried and
pulverized before use.
Table 1. Chemical composition of air quenched steel slag.
Component SiO2
Content
11.26

CaO Al2O3
42.59 2.01

MgO
8.22

Fe2O3
30.54

TiO2
0.837

MnO
2.51

(wt%)
K2O Na2O
0.011 0.117

The base glasses were prepared using 50 % above steel slag, and the chemical composition of the
base glasses, which was determined by our previous experiments, is listed in Table 2. A1, A2, A3, A4
and B1, B2, B3, B4 were, respectively, used to denote samples with different weight percent of Na2O
and MgO. According to Table 2, the mixture powders were transferred to alumina crucibles and
melted at 1723 K for 2 h in an electric furnace. Then, the melts were water quenched and dried. After
milling to 200 mesh, the glass powders were pressed at 35 MPa and shaped in a steel disc with
polyvinyl alcohol. Finally, the obtained compacts were heated at 673 K for 1.5 h to remove polyvinyl
alcohol, and sintered at different temperature for 3 h.
Table 2. Chemical composition of the ceramics.
Number
A1
A2
A3
A4
B1
B2
B3
B4

SiO2
49.83
49.83
49.83
49.83
49.83
49.83
49.83
49.83

CaO
21.23
21.23
21.23
21.23
21.23
21.23
21.23
21.23

Al2O3
4
4
4
4
4
4
4
4

Fe2O3
15.27
15.27
15.27
15.27
15.27
15.27
15.27
15.27

others
3.57
3.57
3.57
3.57
3.57
3.57
3.57
3.57

(wt%)

MgO
4.1
4.1
4.1
4.1
5
6
7
8

Na2O
2
3
4
5
5
5
5
5

Characterization
The chemical composition of the samples was determined by ARL Advant X Intellipower 3600 X-ray
fluorescence (XRF). The structure of the samples was characterized by Bruker AXS-D8 Advance
X-ray powder diffraction (XRD) using Cu Kα radiation (λ=0.15405 nm) operated at 40 kV and 40
mA. The morphology of the samples was observed by HITACHI S4300 scanning electron
microscope (SEM) after polishing and etching in 5% HF solution for 20 s. The bending strength was
measured by three point bending method, and the average value was obtained from measurements of
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five samples. The Vickers hardness of the samples was measured by Vickers tester (Buehler,
micrometel). The chemical resistance was examined in acid and alkali solutions. The samples were
immersed respectively in H2SO4 (1 mass%) solution and NaOH (1 mass%) solution for 24 h, then,
washed with deionized water, dried at 393 K for 12 h and weighed. The chemical resistance of the
samples was determined by the weight difference before and after the chemical resistance test. The
bulk densities of the samples were measured by the Archimedes method using water.
Results and Discussion
Fig. 1 shows the relationships between the optimum sintering temperature of the samples and content
of Na2O, MgO respectively. The optimum sintering temperature is determined by XRD patterns,
density and appearance of the samples as shown in Table 3. The samples sintering at optimum
temperature provide brown colour due to a certain amount of iron oxide and possess smooth surface
and high gloss. However, samples sintering below optimum temperature present rough and uneven
surface. With the increase of sintering temperature, the surface of the samples became smooth, and
the samples showed an overfiring behaviour when sintered above optimum temperature about 20 K,
owing to rapid decrease in glass viscosity, and the shape of the samples can not be maintained. From
Fig. 1(a), it can be seen that the optimum sintering temperature of the samples decreases with the
increase of Na2O. As alkali oxides, Na2O provides free oxygen ions which can break large (SiO4)n
glass network in the samples [20,21]. Then, the glass viscosity decreases with increasing Na2O, and
consequently, the mass transfer process is accelerated. Therefore, the samples can be sintered at
lower temperature. The optimum temperature of the samples also decreases with increasing MgO, as
shown in Fig. 1(b). This is because that MgO, which is a well-known glass network modifier, may
cause the glass network structure to loosen [22]. The loosened network facilitates the diffusion of
ions, the sintering temperature of the samples, hence, can be decreased.

Fig. 1. The relationship between the optimum sintering temperature of the samples and content of
Na2O, MgO respectively.
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Table 3. Density and appearance of the samples sintering at different temperatures.
Number
A1

A2

A3

A4

B1

B2

B3

B4

Sintering
temperature (K)
1373
1383
1393
1403
1373
1383
1393
1403
1373
1383
1393
1403
1373
1383
1393
1403
1403
1413
1423
1433
1403
1413
1423
1433
1403
1413
1423
1433
1403
1413
1423
1433

Density
(g/cm3)
2.80
2.80
2.82
2.83
3.08
3.08
3.08
3.09
2.85
2.87
2.90
2.90
2.91
2.93
2.93
—
2.85
2.87
2.87
2.87
2.90
2.91
2.93
2.93
2.97
2.98
2.98
—
2.97
2.97
—
—

Appearance of the samples
brown colour, rougher surface
brown colour, rough surface
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, rougher surface
brown colour, rough surface
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, rough surface
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, smooth surface, higher gloss
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, smooth surface, higher gloss
brown colour, more glass phase, overfiring
brown colour, rougher surface
brown colour, rough surface
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, rough surface
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, smooth surface, higher gloss
brown colour, relatively smooth surface
brown colour, smooth surface, high gloss
brown colour, smooth surface, higher gloss
brown colour, more glass phase, overfiring
brown colour, smooth surface, high gloss
brown colour, smooth surface, higher gloss
brown colour, more glass phase, overfiring
—

Fig. 2 shows the X-ray diffraction patterns of A2, A4, B2 and B4 samples, obtained by sintering at
1403 K for 3 h. As can be seen from the figure, the major crystalline phase is diopside (CaMgSi2O6,
JCPDS Card, No. 11-0654) with minor anorthite phase (CaAl2Si2O8, JCPDS Card, No. 03-0505) for
all of the samples. Diopside possesses good wear resistance, chemical resistance and impact
resistance [23,24]. Note that, the diffraction intensity of A2 is higher than that of A4. This is because
that the glass network of the samples can be partly broken by Na2O, which decreases viscosity of the
glass and the maximum crystalline temperature. With the increase of Na2O, the range between
sintering temperature and maximum crystalline temperature is increased, indicating that the remelted
glass phase is increasing. For A4, the crystalline phase is partly reconverted to glass phase at 1403 K,
and the diffraction intensity is reduced. Hence, sintering temperature can be reduced by adding Na2O
as shown in Fig. 1(a), but remelting process of glass phase is accelerated simultaneously, which has
adverse influence on crystallization of the samples. For B2 and B4, the crystalline phases are more
than those of A2 and A4 under the same heat treatment, indicating that MgO is beneficial to
crystallization of the samples. Though the glass network structure is loosened by MgO, higher
electric field intensity of Mg2+ will induce local accumulation in glass network structure, which
accelerates crystallization of the samples.
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Fig. 2. The XRD patterns of A2, A4, B2 and B4 samples obtained by sintering at 1403 K for 3h.
SEM images of A4 and B4 samples are shown in Fig. 3(a) and Fig. 3(b), respectively. As can be
seen in the figure, spherical diopside grains with the size of 0.5~1 μm and tabular anorthite grains
were randomly distributed in both samples. Anorthite grains are much less than diopside ones.
Besides dispersed small grains, a few larger spherical diopside grains about 3 μm were observed, and
the larger diopside grains in B4 are much less than those in A4.

Fig. 3. SEM images of A4 and B4 samples.
Fig. 4 shows the relationships between the bending strength, Vickers hardness of the samples and
the content of Na2O, MgO respectively. As can be seen in Fig. 4(a), the bending strength decreases
from 155.3+/-2.49 MPa to 143.1+/-2.01 MPa with the increase of Na2O. It is known that bending
strength and other mechanical properties of the samples depend, in general, on the amount of the
major crystalline phase. Due to the decrease of diopside phase shown in Fig, 2, bending strength of
the samples is decreasing with Na2O. The Vickers hardness of the samples decreases with increasing
Na2O (from 7.83+/-0.0158 GPa to 7.48+/-0.0141 GPa) for similar reasons with the bending strength
results. From Fig. 4(b), it can be seen that the bending strength and Vickers hardness of the samples
increase with increasing MgO, from 147.4+/-3.44 MPa to 169.4+/-4.04 MPa and 7.58+/-0.0071 GPa
to 7.98+/-0.0735 GPa, respectively, which is also consistent with increasing diopside phase results.
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Fig. 4. The relationships between the bending strength, Vickers hardness of the samples and the
content of Na2O, MgO respectively.
The bending strength and Vickers hardness of marble, granite, tile, glass ceramic prepared by Toya,
et al. [25], and B4 sample are listed in Table 4. Comparing these mechanical data, it can be seen that
glass-ceramic based on air quenched steel slag (B4 sample) exhibits much better mechanical
properties than other decorative materials. The chemical resistance and bulk density of the samples
are shown in Table 5. The samples exhibit good chemical resistance, and the weight loss values in
acid are obviously lower than those in alkali, and the bulk density of the samples ranges from 2.83
g/cm3 to 3.09 g/cm3. Therefore, the glass ceramics based on air quenched steel slag may have great
potential for applications as building decorative materials.
Table 4. Bending strength and Vickers hardness of marble, granite, tile, other similar glass ceramic
reported and B4 sample.
Mechanical
Marble
properties
Bending
13-15
Strength (MPa)
Vickers
3.0-5.0
hardness (GPa)

Granite Tile

Glass ceramic B4
in Ref. [25]
sample

15-38

24-30

130

169.4

5.5

6.5

7.4

7.98

Table 5. Chemical resistance and bulk density of the glass ceramics based on air quenched steel slag.
Number
A1
A2
A3
A4
B1
B2
B3
B4

Weight loss
in acid (%)
0.05
0.05
0.08
0.1
0.03
0.03
0.02
0.015

Weight loss
in alkali (%)
0.20
0.19
0.19
0.18
0.15
0.13
0.12
0.12

Bulk density
(g/cm3)
2.83
3.09
2.90
2.93
2.87
2.93
2.98
2.97
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Summary
Brown glass ceramics were prepared using 50 % percent of air quenched steel slag. The major
crystalline phase of the samples is diopside (CaMgSi2O6) with minor anorthite phase (CaAl2Si2O8).
Due to the broken (SiO4)n glass network, the optimum sintering temperature decreases with the
increasing Na2O and MgO, respectively. The bending strength and Vickers hardness of the samples
decrease with Na2O while increasing with MgO, and are much better than those of marble, granite,
tile and other similar glass ceramics reported. The glass ceramics based on air quenched steel slag
may have great potential for applications as building decorative materials, and it provides a promising
way for the utilization of air quenched steel slag.
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