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Abstract
Light-green slag-based glass-ceramics were prepared using blast furnace water-quenched slag from the Baotou Iron
and Steel Group as the main raw material. An orthogonal experimental design was used to study the influence of
heat treatment process parameters on the flexural strength, devitrified mineral composition, and microstructure of
the glass-ceramics. The order of influencing factors is crystallization temperature > nucleation time > nucleation
temperature > crystallization time. The optimal heat treatment protocol comprised a nucleation temperature of
660 °C, a nucleation time of 2.5 h, a crystallization temperature of 822 °C, and a crystallization time of 2 h. The mineral
composition and microstructure of the glass-ceramics were analyzed by means of X-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy-dispersive spectroscopy (EDS). The main crystal phase of all glass-ceramics
prepared under the different heat treatment regimes was fluorapatite, Ca 5(PO 4)F 3. Under optimal heat treatment,
the number of crystal grains of the glass-ceramic was large, their distribution was uniform and dense, the degree of
crystallinity was high, and the flexural strength was 76.83 MPa.
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I. Introduction
Following the 19th National Congress of the Communist Party of China in 2017, the Inner Mongolia Autonomous Region issued an implementation plan for the
development of high-quality emerging industries in this
region. This plan encourages the use of fly ash, coal gangue,
slag, and other bulk industrial solid wastes to produce
new materials and thereby support Baotou in building a
national “urban mineral” demonstration base.
Glass-ceramics are basic glasses with specific compositions that are subjected to controlled nucleation and crystallization heat treatment processes to precipitate crystals
from an amorphous glass body, thereby preparing a composite material in which glass and microcrystalline phases coexist 1 – 23. Blast furnace slag was the first raw material used to develop slag glass-ceramics and has a history
spanning more than 30 years 4. The use of these slags to
prepare glass-ceramics is an effective way to improve utilization and value of these industrial wastes as well as to
reduce environmental pollution. It has become a research
topic attracting considerable interest in recent years.
In 1965, Kemantaski 5 used blast furnace slag to make
glass-ceramics, which were named slagceram. Agarwal and Speyer 6 developed wear-resistant microcrystalline
ceramic products using CaO-rich blast furnace slag, which
*
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had twice the wear resistance of basic glass. Khater 7 used
Egyptian steel slag to successfully produce glass-ceramics, reporting a utilization of 57 %. Francis 8 used blast
furnace slag and dust to prepare magnetic glass-ceramics.
Fan, C.S. and Li, K.C. 9 employed waste glass from thinfilm transistor liquid-crystal displays (TFT-LCD) and
slag from a basic oxygen furnace (BOF) to produce CaOMgO-Al 2O 3-SiO 2 (CMAS) glass-ceramics by means of
vitrification and further heat treatment of compacts of
the obtained glass powders for densification and crystallization. Zhang et al. 10 used blast furnace slag produced
by the Kunming Iron and Steel corporation in Yunan
province as raw materials together with mineral materials
such as quartz, feldspar, fluorite, dolomite, calcite and other chemical reagents such as sodium hexametaphosphate
and Cr 2O 3, to prepare glass-ceramics with the melting
method. The major crystalline phase in the glass-ceramics
was wollastonite (CaSiO 3) and diopside (Ca⋅Mg(SiO 3) 2),
the granules of which are thin small, closely and evenly distributed. Zhao et al. 11 used a low-cost technology
to prepare glass-ceramics based on direct heat treatment
with molten glass containing blast furnace slag and silica
sand. Thanks to the utilization of the heat from the molten
slag, the energy cost was much lower than that with the
conventional method. The utilized ratio of slag was about
90 % and the optimum heat treatment schedule for glassceramics was confirmed with an L 9(3 4) orthogonal test.
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The above-mentioned glass-ceramics prepared from
blast furnace slag were black or dark gray and had a single
color, which made it difficult for these materials to meet
individual needs of the current market. It is therefore of
interest to develop a process for manufacturing decorative
glass-ceramics with attractive colors.
This study used blast furnace water-quenched slag from
the Baotou Iron and Steel Group as the main raw material to prepare glass-ceramics. P 2O 5 and CaF 2 were used as
nucleating agents. The total mass percentage of the main
components (CaO, SiO 2, MgO, and Al 2O 3) of the slag
was as high as 88 % – 96 %. In addition, there were small
amounts of CaF 2 and TiO 2 in the slag, which can act
as crystal nucleating agents, while the presence of K 2O
and Na 2O in the slag can lower the melting point of the
glass. Therefore, blast furnace slag is an ideal raw material for preparing CaO-SiO 2-MgO-Al 2O 3 series glass-ceramics. The prepared materials are light green and have a
luster similar to that of jade. They can be used for interior decorating materials to replace wall tiles, and to make
ornaments and jewelry. This product has broad market
prospects.
In the preparation of glass-ceramics, the heat treatment
process has an important influence on the mechanics and
performance of the product, and can improve production
efficiency and quality. In this study, an orthogonal experimental design was used to study the influence of the
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four main process parameters of nucleation and crystallization temperature and time on the flexural strength and
microstructure of light-green blast furnace slag glass-ceramics.
II. Experimental Procedure
(1) Preparation of basic glass
The chemical composition of the blast furnace waterquenched slag from the Baotou Iron and Steel Group
was analyzed by means of X-ray fluorescence (XRF) 12
and is shown in Table 1. The basic glass composition was
selected based on the wollastonite (PDF card 42 – 0550)
and pyroxene (PDF card 88 – 0851) region of the quaternary system CaO-Al 2O 3-SiO 2-MgO (Fig. 1) 13. The
chemical components in Table 2 were introduced from the
chemical components contained in 50 g blast furnace slag,
and SiO 2 was introduced as quartz sand. The remaining
chemical components were introduced in the form of pure
reagents, totaling about 100 g. The slag contained only
small amounts of CaF 2 and TiO 2, so additional amounts of
CaF 2 and P 2O 5 (as Na 3PO 4⋅12H 2O) were added as composite nucleating agents to form a fluorapatite (PDF card
15 – 0876) 14 crystal phase.
The chemical composition of the basic glass is shown in
Table 2.

Fig. 1: Liquidus surface of the 5 % magnesia plane in the quaternary system CaO-Al 2O 3-SiO 2-MgO.
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Table 1: Chemical composition of blast-furnace slag from the Baotou Iron and Steel Group (mass%)
CaO

SiO 2

Al 2O 3

MgO

CaF 2

CaS

MnO

FeO

K 2O

Na 2O

TiO 2

others

34.9

34.6

14.0

9.3

0.8

3.2

0.5

0.7

0.5

0.5

0.9

0.1

Table 2: Main chemical composition of basic glass (mass%)
SiO 2

CaO

MgO

Al 2O 3

Na 2O

P 2O 5

CaF 2

others

44.7

18.8

4.7

7.0

10.8

8.0

3.0

3.0

The slag was crushed, ground, dried, and passed through
a 200-mesh sieve (≤0.074 mm). The raw materials were accurately weighed according to the designed basic glass formula, placed in a clean dry mixing tank, and mixed thoroughly for 3 h. The mixture was placed in a corundum crucible in a high-temperature atmospheric furnace, heated to
1 500 °C, and held for 3 h to melt and clarify the material.
The molten glass was cast into a stainless-steel mold that
had been preheated to 600 °C. The molten glass was annealed in the mold in a muffle furnace at 600 °C for 2 h to
eliminate internal stresses. The basic glass was obtained after cooling in the furnace 15.
(2) Preparation and research method
The prepared basic glass was ground into a powder, and
heated from room temperature to 1 200 °C at a heating
rate of 10 K/min in an argon atmosphere using an integrated thermal analyzer 16 (STA PT 1600, Linseis, Germany). The nucleation and crystallization temperatures of
the glass-ceramics were determined by means of differential scanning calorimetry (DSC) 17 .
An X’Pert PRO diffractometer (Philips, Netherlands)
was used to perform X-ray diffraction (XRD) analysis on
the heat-treated glass-ceramic samples to determine their
mineral composition. X-ray diffraction analysis was performed with CuKa radiation. X-ray patterns were captured with the scanning speed of 2°/min under 40 kV and
30 mA working conditions 18.
A field-emission scanning electron microscope (FESEM; Sigma 500, Zeiss, Germany) was used to observe
the microstructure of the heat-treated samples. Samples
were prepared by cutting, grinding, and polishing a section, which was then etched in 5 mass% HF for 30 s,
cleaned with distilled water, and coated with gold.
A CSS-88000 electronic universal testing machine was
used to evaluate the glass-ceramics with the three-point
bending method. The sample size was 4 mm × 4 mm ×
40 mm, the range was 30 mm, and the loading speed was
0.5 mm/min 19. The flexural strength formula is shown in
Eq. (1)
3FL
σ=
,
(1)
2
2bh
where r is the flexural strength (MPa), F is the maximum
load borne by a specimen at fracture (N), b is the fracture
width (mm), h is the fracture height (mm), and L is the
length of the specimen (mm).

(3) Orthogonal heat treatment design
An orthogonal experimental design was used to optimize
the heat treatment process for the basic glass. The flexural strength of the resulting glass-ceramic was used as the
assessment index. The nucleation and crystallization temperature ranges of the basic glass were determined from
the DSC curve 19 (Fig. 2). There was a slight endothermic
peak at 635 °C and an obvious exothermic peak at 822 °C.
Glass is an amorphous state with an irregular structure,
and its microcrystallization requires stages of both crystal nucleation and growth. Nucleation is the formation of
a new phase, which requires a certain amount of energy
to establish a surface between the new and parent phases, so the free energy of the system rises and a certain
amount of energy needs to be absorbed. Crystallization
is the transformation of an unstable glass state to a stable crystalline state that has lower free energy, so energy
is released during the crystallization process. The optimal
nucleation temperature range of glass-ceramics is generally 50 – 100 °C higher than the glass transition temperature (i.e. the endothermic peak of the DSC curve) and the
crystallization temperature is generally the peak temperature of the crystallization exothermic peak 20. Therefore,
based on the DSC curve, a four-factor four-level L 16(4 4)
orthogonal heat-treatment experimental program was designed, with the factor levels shown in Table 3. The four
factors were: nucleation temperature (ranging from 610 to
685 °C, with a step size of 25 °C); nucleation time and crystallization time (both ranging from 1.0 – 2.5 h, with a step

Fig. 2: Differential scanning calorimetry curve of basic glass.
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change of 0.5 h); crystallization temperature (ranging from
812 – 842 °C, with a step size of 10 °C).
III. Experimental Results and Analysis
(1) Results of orthogonal experiments
Table 4 lists the orthogonal experimental scheme and results of the flexural strength measurements. Each experimental point was measured three times and the average
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value reported. Parameters K1, K2, K3, and K4 are the average flexural strength values of the first, second, third,
and fourth levels of each influencing factor. R represents
the range, which refers to the difference between the maximum and minimum flexural strengths for each influencing factor at the different levels: the larger the range, the
greater the influence of the factor on the flexural strength
of the glass-ceramic 21.

Table 3: Levels of test factors
Four factors

Four levels
1

2

3

4

Nucleation temperature (°C)

610

635

660

685

Nucleation time (h)

1.0

1.5

2.0

2.5

Crystallization
temperature (°C)

812

822

832

842

Crystallization time (h)

1.0

1.5

2.0

2.5

Table 4: Orthogonal heat-treatment process and flexural strength measurements of glass-ceramics
No.

Nucleation
temperature/°C

Nucleation
time/h

Crystallization
temperature/°C

Crystallization
time/h

Flexural
strength/MPa

1

610

1

812

1

38.73

2

610

2.5

842

2

41.57

3

610

2

832

1.5

16.38

4

610

1.5

822

2.5

41.45

5

635

1.5

812

1.5

25.22

6

635

2.5

832

1

24.21

7

635

2

842

2.5

30.77

8

635

1

822

2

37.16

9

660

2

812

2

29.13

10

660

1.5

842

1

38.19

11

660

1

832

2.5

27.99

12

660

2.5

822

1.5

64.32

13

685

2.5

812

2.5

33.91

14

685

2

822

1

41.44

15

685

1

842

1.5

26.16

16

685

1.5

832

2

48.72

K1

34.53

32.51

31.75

35.64

K2

29.34

38.40

46.09

33.02

K3

39.91

29.43

29.33

39.15

K4

37.56

41.00

34.17

33.53

R1∼R4

10.57

11.57

16.76

6.13

Optimal level

660

2.5

822

2

76.83
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Table 4 shows that the four factors of nucleation temperature, nucleation time, crystallization temperature, and
crystallization time gave the following respective ranges:
R1 = 10.57, R2 = 11.57, R3 = 16.76, R4 = 6.13. Therefore, the primary and secondary orders of influence on the
flexural strength of the glass-ceramics are crystallization
temperature > nucleation time > nucleation temperature >
crystallization time. In addition, according to the values of
K1 to K4, the best heat treatment system is inferred as a nucleation temperature of 660 °C, a nucleation time of 2.5 h,
a crystallization temperature of 822 °C, and a crystallization time of 2 h. Under these heat treatment conditions, the
flexural strength of the glass-ceramic reached 76.83 MPa,
which is much higher than the flexural strength results of
the 16 test points selected by the orthogonal experiments.
The glass-ceramics prepared with the optimal heat treatment system were light green and jade-like, as shown in
Fig. 3.

Fig. 3: Photograph of glass-ceramic samples.

(2) X-ray diffraction and energy-dispersive spectroscopy results
P 2O 5 was introduced into the basic glass in the form
of Na 3PO 4⋅12H 2O. The mass percentages of P 2O 5 and
Na 2O in the basic glass raw material were 8 % and
10.83 %, respectively, so the basic glass became a multicomponent system of CaO-SiO 2-MgO-Al 2O 3-Na 2OP 2O 5-CaF 2. To ascertain the devitrifying mineral composition of this system, the 3 and 12 samples, which had the
smallest and largest flexural strengths in Table 4, respectively, and the glass-ceramic sample produced under the
best heat treatment process conditions were selected for
XRD analysis. The results are shown in Fig. 4.
The blast furnace slag accounted for 50 % of the raw material in this study. Except for the introduction of SiO 2
in the form of quartz sand (SiO 2 purity: 98.2 %), the remaining small amounts of CaO, MgO, Al 2O 3, CaF 2, and
Na 3PO 4⋅12H 2O were introduced in the form of pure
reagents. The waters of crystallization in the pure reagents
were removed during the heating process. The glass-ceramics obtained after heat treatment were all light-green
jade-like materials. The XRD curves of the three glass-ceramic samples (Fig. 4) show that the precipitated mineral
was fluorapatite, Ca 5(PO 4)F 3 (PDF card 15 – 0876). There
was only a slight difference in diffraction peak intensity
between the samples.
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Fig. 4: X-ray diffraction patterns of glass-ceramic samples.

SEM-EDS micro-area analysis was performed on crystal
grains in the glass-ceramics, as shown in Fig. 5. O, Ca, Si,
F, P, and other elements were enriched in the crystal grains.
Si originated from the residual glass phase, while the other elements were consistent with those present in fluorapatite, confirming that this was the main mineral precipitated during heat treatment of the basic glass. The heat treatment had no effect on the composition of the main crystalline phase of the glass-ceramics — only the crystallization rate. P 2O 5 and CaF 2, introduced as a composite nucleating agent, are the main factors that promote the precipitation of fluorapatite Ca 5(PO 4)F 3. They not only play
the role of nucleating agent in the glass crystallization process, but also participate in the composition of the main
crystalline phase. This was the main reason for the crystal phase of the blast furnace slag glass-ceramics prepared
in this study differing from those (wollastonite, pyroxene)
identified in most other studies.

Fig. 5: Energy-dispersive spectrum of crystal particle.

Fluoride is an opacifier for glass. It separates from the
glass melt during cooling (or heat treatment), forming fine
crystalline precipitates and causing glass turbidity. Using
this principle, fluoride can act as a nucleation center to promote the formation of crystal nuclei in the glass 22. P 2O 5
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is a glass-network-forming body that creates an asymmetric phosphoric-acid polyhedron in the silicon-oxygen network. P 5+ ions have higher field strength and can seize
more non-oxygen bridges (free O 2-), while F – and O 2-,
which have similar radii, can replace O 2- and enter the
phosphoric-acid polyhedron, thereby facilitating separation of fluorapatite from the glass matrix to form an independent phase 23.
(3) Microstructure analysis
It can be seen from the SEM photo in Fig. 6 that the microstructure of glass-ceramics consists of a crystal phase
(A stands for crystalline phase) and a glass phase (B stands
for glass phase). An SEM micrograph of the 3 sample (with
the smallest flexural strength) (Fig. 6(a)) showed that this
contained a large proportion of glass phase, the number
of crystal grains was small, and their distribution was uneven. With the orthogonal experiment in Table 4 to obtain the range, it can be established that the crystallization temperature was the main influencing factor that affects the flexural strength of the glass-ceramics. The influence of nucleation temperature was the third factor. K3
was 29.43 MPa, which was the smallest average value of
the flexural strength among the four crystallization temperatures, indicating that the crystallization temperature
of 832 °C was the most unfavorable for the crystallization of glass-ceramics. This was the reason that the flexural
strength of 3 sample had low flexural strength (16.38 MPa).
For the 12 sample with higher flexural strength (Fig. 6(b)),
the proportion of glass phase was greatly reduced, the
number of crystal grains was obviously increased, and the
integrity of the crystal grains was improved. The flexural
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strength (64.32 MPa) of this sample was significantly higher. The main reason was that the crystallization temperature was the peak temperature in the DSC curve (822 °C).
The microstructure of the glass-ceramic sample obtained
in the optimal heat treatment process is shown in Fig. 6(c).
Compared with the 12 sample, the number of crystal
grains further increased, and their distribution was more
uniform and dense. The main reason is that the crystallization time has been extended to 2.5 h at 822 °C. After heat
treatment, the microstructure achieved a more ideal state
and the flexural strength was highest, reaching 76.83 MPa.
According to related literature 24 – 25, the smaller the crystal grains, the higher is their number, the more uniform is
the distribution, and the higher is the resulting strength.
When Hall 26 and Petch 27 studied the relationship between the tensile strengths of zinc and steel and their grain
sizes, the fracture strength or yield strength and grain size
conformed to the following formula (2):
-1/2
(2)
δf = δ0 + Kd ,
where d f is the breaking strength (MPa), d 0 and K are material constants, and d is the grain diameter (lm). For polycrystalline materials, the grain boundaries are weaker than
the inside of the grains, so fracture mainly occurs along
grain boundaries. The finer the grains in a material and
the greater their number, the longer is the distance that a
crack must travel when fracturing along a grain boundary,
so the greater the energy that is required and the higher the
strength of the material. This is the reason that the glassceramic sample prepared with the optimal heat treatment
protocol exhibited higher flexural strength than the other
samples.

Fig. 6: Scanning electron micrograph of heat-treated glass-ceramics: (a) Sample # 3, (b) Sample # 12, and (c) sample prepared under optimized
conditions (A stands for crystalline phase, B stands for glass phase).
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IV. Conclusions
(1) A four-factor four-level orthogonal experiment design (L 16(4 4)) was used to optimize the heat treatment for
preparing light-green jade-colored glass-ceramics from
the Baotou Iron and Steel Group blast furnace waterquenched slag. The primary and secondary orders that affect the flexural strength of glass-ceramics are the crystallization temperature > nucleation time > nucleation temperature > crystallization time. The optimal heat treatment
comprised a nucleation temperature of 660 °C, nucleation
time of 2.5 h, crystallization temperature of 822 °C, and
crystallization time of 2 h.
(2) XRD and SEM-EDS analysis showed that the main
crystal phase of the light-green jade-colored blast furnace slag glass-ceramics was fluorapatite, Ca 5(PO 4)F 3.
The heat treatment process did not affect the main type of
crystal phase.
(3) The light-green jade-colored blast furnace slag glassceramic produced with the optimal heat treatment system
exhibited flexural strength up to 76.83 MPa. The high degree of crystallinity, large number of crystal grains, and
uniform and compact distribution were the main reasons
for improvement of the flexural strength of glass-ceramics
following process optimization.
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