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Abstract: Slag beads with different crystal content could be obtained through the gas quenching
blast furnace slag (BFS) process. In order to increase the additional value of the slag beads as much
as possible, it was necessary to restrain the crystallization of the slag beads as much as possible.
In this paper, the mineral types and crystallization temperatures of BFS with different basicities and
cooling rates were studied by using Factsage thermodynamic software, XRD, and differential scanning
calorimeter (DSC) experiments, which obtained the gas quenching temperature and the cooling
rate needed to restrain crystallization behavior in the gas quenching process; The crystallization
mechanism was studied by calculating crystallization activation energy (Ec) using the DSC experiment,
at the same time, the thermodynamic results were verified. The proper basicity and cooling rate of
BFS were found to be conducive to the preparation of amorphous slag beads. The results showed
that the initial crystallization temperature decreased with decreasing the basicity and increasing the
cooling rate, which could increase the amorphous content of slag beads in the gas quenching process.
The crystallization activation energy (Ec) increased with decreasing basicity, which increased the
crystallization barrier.

Keywords: thermodynamics; basicity; amorphous phase; crystallization activation energy; crystallization
kinetics

1. Introduction

Blast furnace slag (BFS) is a type of by-product produced in the process of iron-making production,
whose use has always been a matter of concern to the metallurgical sector. Because of the large amount
of output, the abandoned slag will occupy a large area of land, resulting in environmental pollution.
Thus, the high additional value of BFS has always been the focus of researchers [1–3]. Traditional
water quenching BFS method cannot recover the BFS waste heat, at the same time, it consumes high
quantities of new water. The hot water produced in the process is a low-quality heat source. Moreover,
the water slag must be dried to be used as cement admixture, which will consume part of the energy and
produce harmful gases such as H2S and SO2 which pollute the environment [4–6]. Therefore, the dry
granulation process has attracted more and more attention from iron and steel industry for how it can
overcome the shortcomings of the water quenching method [7,8]. In the process of granulation, a large
number of slag waste heat can be recovered, and the phase quality of the slag beads can be ensured.
Meanwhile, new water is not consumed, harmful gases are not produced, and the subsequent use of the
slag beads does not need to be dried. The gas quenching method is a kind of dry granulation process,
which has the characteristics of large treatment capacity and good granulation effect, and is a promising
BFS treatment method. In order to obtain the slag beads with higher added value, the activity of the
slag beads needs to be ensured. The greater the activity is, the higher the additional value. The activity
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of the BFS is mainly related to the amorphous degree of the BFS [9]. The gas quenching process is the
cooling process of BFS, and inevitably causes crystallization of BFS. Therefore, it is necessary to study
the crystallization behavior of BFS and to restrain the crystallization of BFS to obtain high-content
amorphous slag beads. The degree of amorphousness of BFS is mainly affected by its components,
so the effect of different slag components on crystallization behavior was studied by adding different
conditioning agents, and the component structure conducive to the preparation of amorphous slag
beads was studied.

Additionally, research on the crystallization behavior of BFS has been reported at present.
Fredericci [10] has studied the crystallization process of BFS and the crystalline phase and crystallization
peak were verified after heat treatment. Kashiwaya [11] studied the crystallization behavior of blast furnace
slag by using a hot thermocouple technique, and the crystals phase have been observed. Francis [12]
has studied the capability of the blast furnace slag to be vitrified and calculated the crystallization
activation energy and the Avrami exponent. A value for the activation energy corresponding to structural
relaxation has also been determined. However, there is little report on the study of gas quenching
BFS amorphization. Therefore, this paper studied the mineral types and crystallization temperature
of BFS using Factsage 7.1 thermodynamic software, X-ray diffraction (XRD), and differential scanning
calorimetry (DSC) experiments, and found the initial crystal phase and its crystallization temperature,
thus finding the conditioning direction and cooling rate conducive to inhibiting crystallization of BFS.
The crystallization activation energy were calculated through DSC experiment to study the crystallization
mechanism of BFS, which further verified the thermodynamic results.

2. Experimental Methods

2.1. Experimental Raw Materials

The main components of BFS are shown in the Table 1, the content of four oxides of CaO, SiO2,
MgO, and Al2O3 accounted for more than 90% of BFS components, and the characteristics of BFS were
mainly influenced by them. The BFS was selected from a HBIS iron manufacturing plant of Tangsteel
in Tangshan, China. In order to ensure the raw BFS component, the pure chemical analysis reagent
was used as conditioning agent to adjust the BFS component, and the final components of BFS with
different basicities are shown in Table 2.

Table 1. The components of blast furnace slag (BFS) (wt%).

Components SiO2 CaO MgO Al2O3 Fe2O3 TiO2 K2O Na2O MnO

BFS 33.53 36.25 8.64 15.82 1.57 1.38 0.54 0.32 0.17

Table 2. Components of BFS for experiment.

No. BFS/g
Addition Amount/g

R(wCaO)/(wSiO2)
CaO MgO Al2O3 SiO2

1 100 4.92 3.46 6.33 25.29 0.7
2 100 8.19 3.46 6.33 22.02 0.8
3 100 11.11 3.46 6.33 19.10 0.9
4 100 13.74 3.46 6.33 16.47 1.0
5 100 16.13 3.46 6.33 14.08 1.1

2.2. Experimental Methods

2.2.1. Thermodynamic Simulation

Factsage 7.1 thermodynamic software used Phase Digam module to draw a CaO-MgO-Al2O3-SiO2

quaternary slag system phase diagram. The Equilib module was used to calculate the types and quantities
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of crystals in equilibrium. Ftoxide was selected as a database [13,14], the system pressure set to 1 atm,
and the simulated temperature was 1000–1600 ◦C.

2.2.2. Differential Scanning Calorimeter (DSC) Methods

Approximately 30 mg of BFS samples under 0.075 mm, prepared according to the experimental
BFS component in Table 2, were placed in a platinum crucible in air to carry out the DSC (STA449F3
Juptiter, NETZSCH, Germany) experiment. Samples were heated to 1500 ◦C at the rate of 100 ◦C/min,
and then maintained at 1500 ◦C for 30 min to homogenize the component. Samples were cooled to
25 ◦C at the rates of 20 ◦C/min, 30 ◦C/min, 45 ◦C/min, 55 ◦C/min, and 60 ◦C/min, respectively.

2.2.3. X-ray Diffraction (XRD) Analysis and Micro-Morphology Observation

About 140 g of BFS with different basicities were put into the crucible, and then put into a high
temperature LMC directional solidification cooling equipment for heating up to 1500 ◦C. The samples
were maintained at 1500 ◦C for 30 min to be fully melted. Samples were then cooled at a temperature of
5 ◦C/min with the furnace, and then taking out for water quenching at the specified cooling temperature.
The obtained samples were tested for mineral phase analysis (D/MAX2500PC) and micro-morphology
observation (S-480003040155).

3. Results and Discussion

3.1. Thermodynamic Analysis

As shown in Figures 1 and 2, when the basicity was 0.7, the liquid phase of BFS decreased gradually
with the decrease of temperature. Finally, the liquid phase completely disappeared and the melilite
(Ca2(MgAl)(AlSi)SiO7), anorthite (CaAl2Si2O8), pyroxene (Ca(Mg,Al)(Si,Al)2O6), and wollastonite
(CaSiO3) were precipitated at the same time. The melilite phase was precipitated at 1280.40 ◦C
firstly, and then the anorthite, pyroxene, and wollastonite were precipitated at 1264.70 ◦C 1248.00 ◦C,
and 1216.60 ◦C respectively. At 1205.40 ◦C the crystallization phases were completely precipitated,
and the precipitation amount of melilite, anorthite, pyroxene, and wollastonite was 39.69%, 29.42%,
25.53%, and 1.24%, respectively.
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Figure 2. Crystallization temperature and crystallization amount for minerals with different basicities. 

With the increase of basicity, due to the relative decrease of Mg2+ and Si2+ in the slag, the 
precipitation amount of pyroxene and wollastonite in BFS decreased gradually, and did not 
precipitate when the basicity was 0.9. The spinel began to crystallize when the basicity increased to 
0.9. At the same time, the precipitation amount of melilite and spinel increased from 39.69% and  
1.24% to 88.32% and 1.83% with the increase of basicity, respectively. The precipitation amount of 
anorthite decreased from 29.42% to 5.74%. The initial crystallization phases were all melilite and the 
crystallization temperature of BFS were 1280.40 °C, 1329.70 °C, 1370.4 °C, 1403.20 °C, and 1427.40 °C 

Figure 1. Mineral crystallization diagram of the BFS with different basicities. (a) R = 0.7; (b) R = 0.8;
(c) R = 0.9; (d) R = 1.0; (e) R = 1.1.
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Figure 2. Crystallization temperature and crystallization amount for minerals with different basicities.

With the increase of basicity, due to the relative decrease of Mg2+ and Si2+ in the slag, the precipitation
amount of pyroxene and wollastonite in BFS decreased gradually, and did not precipitate when the
basicity was 0.9. The spinel began to crystallize when the basicity increased to 0.9. At the same time,



Crystals 2020, 10, 30 5 of 13

the precipitation amount of melilite and spinel increased from 39.69% and 1.24% to 88.32% and 1.83%
with the increase of basicity, respectively. The precipitation amount of anorthite decreased from 29.42%
to 5.74%. The initial crystallization phases were all melilite and the crystallization temperature of
BFS were 1280.40 ◦C, 1329.70 ◦C, 1370.4 ◦C, 1403.20 ◦C, and 1427.40 ◦C with the increase of basicity.
The initial crystallization temperature increased with the increase of basicity. That was to say, the higher
the basicity was, the easier it was to reach the crystallization temperature, and the faster the crystal
precipitated in the cooling process. The crystallization precipitation in slag was closely related to the
degree of polymerization of negative ion groups [15]. From Table 3, the slag viscosity had a significant
decrease trend with the increase of basicity. Therefore, the increase of basicity was more likely to cause
the relative movement between slag molecules, thus making the molecules structural unit rearrange.
At the same time, the amount of the compound anionic group in the slag was relatively decreased,
so that the degree of polymerization of the slag was obviously increased and promoted the precipitation
of the crystals.

According to the Bowen’s reaction series [16], the precipitation of the crystallization phase in
minerals has a certain order because of the gradual change of composition during gradual condensation
of mineral temperature from high to low, thus the precipitation sequence of crystallization phase
in slag was obtained by analyzing the components of slag. When the basicity was lower than 0.7,
the melilite phase was precipitated firstly in the BFS, the slag consumed more Ca2+ and still had
more Si2+, which promoted the precipitation of the anorthite phase, and then the pyroxene phase
precipitated, and the final phase was wollastonite. When the basicity increased to 0.8, the initial crystal
phase was still melilite, and then anorthite and pyroxene were respectively precipitated. Due to the
increase of the basicity, the Si2+ content in the slag was relatively decreased, and the wollatonite was
no longer precipitated in the slag. When the basicity of slag increased to 0.9, spinel appeared in the
crystal phase of slag and the precipitation order was before pyroxene. The reason might be that the
decrease of Si2+ content made it insufficient to provide enough Si2+ in slag to form pyroxene, and the
Mg2+ and Al3+ contents in slag occupied the majority, which promoted the precipitation of spinel
first. When basicity increased to 1.0, the slag first precipitated melilite, and then precipitated anorthite.
With the further decrease of Si2+ content, there was no pyroxene precipitation in slag. When basicity
increased to 1.1, the Ca2+ content in the slag increased relatively, which promoted the precipitation of
melilite, but with the decrease of Si2+ content, it was not enough to precipitate anorthite in the slag.
After the precipitation of melilite, the Mg2+ and Al3+ contents in the slag accounted for the majority,
so the spinel precipitated first and the anorthite phase was precipitated last.

The phase diagram of BFS with different components was drawn using Factsage in order to better
understand the influence of different basicities on crystallization. From Figure 3, with the basicity
ranging 0.7–1.1, the BFS components region moved gradually from the B components’ point melilite
low melting point region to the A components’ point dicalcium silicate high melting point region.
From the temperature strip on the right, we could see that the isotherm of point B was lower than that
of point A. Therefore, the precipitation temperature of the initial crystallization phase increased as the
basicity increased from 0.7 to 1.1. In conclusion, the smaller basicity would be more beneficial to the
preparation of amorphous slag beads.

Table 3. The viscosity of BFS with different basicities/(Pa·s).

R 0.7 0.8 0.9 1.0 1.1

1350 ◦C 1.989 1.512 1.227 1.081 1.048
1400 ◦C 1.259 0.976 0.812 0.717 0.672
1450 ◦C 0.852 0.669 0.567 0.497 0.493
1500 ◦C 0.603 0.433 0.422 0.386 0.322
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3.2. Determination of the Mineral Phase

In order to verify the accuracy of thermodynamic simulation results, the BFS samples with
different basicities were cooled at specified temperatures, and the mineral phase analysis was carried
out. As can be seen from Figure 4a, when the sample with 1.1 basicity was cooled to 1250 ◦C, there
was still no mineral phase precipitation, and the mineral phase was basically amorphous phase.
When the temperature continued to cool down to 1200 ◦C, a small amount of gehlenite and akermanite
phase began to precipitate. When the temperature continued to cool to 1000 ◦C, a large amount of
crystallization phase began to precipitate, and the main crystallization phase was the melilite and the
anothite. The intensity of the diffraction peak of the melilite was large and the quantity was high,
and the precipitation amount occupied the majority. When the basicity decreased to 1.0 in Figure 4b,
the precipitation phase was almost amorphous phase when the samples cooled to 1150 ◦C, and when
the temperature continued to decrease to 1100 ◦C, the melilite phase began to precipitate; when the
temperature decreased to 1000 ◦C, a large amount of crystallization phase was precipitated in the
BFS, and the main crystallization phase was the melilite and the anothite. There was no spinel phase
precipitation in the slag. It might be that at the specified temperature, spinel phase was not precipitated
in the cooling process of basicity 1.0 and 1.1, or the diffraction peak was not formed for the lesser
precipitation amount. When the basicity continued to decrease to 0.9–0.7, there was no crystallization
precipitation of BFS in Figure 4c, which indicated that the precipitation temperature of the initial
crystallization phase was below 1000 ◦C.
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Figure 4. XRD analysis of BFS with different basicities.

Figure 5 shows the microstructure of BFS with different basicities cooling to the specified temperatures.
When the basicity was 1.1, there was basically no crystallization precipitation when the slag was cooled
to 1250 ◦C, and the surface of the slag was smooth glass phase. When the temperature cooled to 1200 ◦C,
the strip crystallization phase began to precipitate, but there were still more amorphous phases and
the surface was still smooth. When the temperature decreased to 1000 ◦C, a large number of bulk
crystallization phases were precipitated from the BFS, which indicated that the initial crystallization
temperature of BFS should be 1200 ◦C. When the basicity decreased to 1.0, some of the crystallization phases
began to precipitate when the temperature decreased to 1100 ◦C, which showed the initial crystallization
temperature, and the temperature was lower than that of the BFS with basicity 1.1. When the basicity
continued to decrease to 0.9–0.7, there was no crystallization phase when the temperature decreased
to 1000 ◦C, and the microstructure was basically a smooth surface, which showed that the initial
crystallization temperature of BFS was still below this temperature. The above results further confirmed
that the initial crystallization temperature of BFS decreased gradually with the decrease of basicity,
which matched with the thermodynamic simulation results. However, the temperature of the initial
crystallization phase was slightly lower than that of the thermodynamic simulation temperature, mainly
because the thermodynamic simulation was carried out under the condition of complete equilibrium,
and the reaction was more equal. The mineral analysis experiment cooled the slag in the furnace
at a specified temperature, the cooling process was faster, and the crystallization temperature was
slightly lower.
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Figure 5. SEM analysis of BFS with different basicities.

3.3. DSC Analysis

The crystallization ability of BFS with different basicities was further investigated using kinetic
differential scanning calorimeter (DSC) methods, as shown in Figure 6. The DSC curve was characterized
by the endothermic peak represented by Tg (glass transition temperature), and the exothermic peak
represented by Tp (crystallization peak temperature). In order to restrain the precipitation of
crystallization phase in BFS as much as possible and obtain more amorphous phase to increase the
activity of slag beads, it was only necessary to study the precipitation temperature of the initial
crystallization phase of BFS, thus determining the gas quenching temperature. So only the values of
the first Tp for each curve were taken, analyzed using Proteus analysis software, and the values were
listed in Table 4.
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As shown in Figure 6a–e, there were obvious exothermic peaks at the cooling rates from 20 ◦C/min
to 45 ◦C/min, whereas basically no peaks were observed when the cooling rate was higher than
55 ◦C/min with basicities lower than 0.9. The initial crystallization temperature, which was the first
exothermic peak temperature, decreased with the basicity decreased at the same cooling rate, which
indicated that the greater the basicity, the stronger the slag crystallization capability. It was mainly
because the Ca2+ content increased with increase of the basicity, so that the main viscous flow unit
SixOy

2− disintegrated in the slag. The viscosity of BFS decreased, so that the atoms in the slag only
needed a small amount of energy to overcome the crystallization barrier from one equilibrium position
to another [17,18]. At the same basicity, the crystallization temperature of BFS decreased gradually
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with the increase of cooling rate. When the basicity was less than 0.9 and the cooling rate was greater
than 55 ◦C/min, the crystallization of BFS could be restrained. Overall, the decrease of basicity could
restrain crystallization precipitation, and the slag with higher basicity could obtain higher amorphous
content by increasing the cooling rate.

The crystallization ability of melt in the DSC kinetics analysis is usually characterized by the
crystallization activation energy (Ec). When a melt changes from the glass state to the crystalline
state, it is necessary to overcome rearrangements of the structural units, and the energy required
for this is usually characterized by the crystallization activation energy. The more energy required,
the more difficult the crystallization. The Johnson–Mehl–Avrami (JMA) equation which is the classical
theoretical equation usually used to analyze Ec, which is mainly used to study the crystallization
kinetics of the melt.

The Kissinger method [19,20], in which crystallization is treated as a first-order reaction, is the
method most commonly used to analyze crystallization kinetics based on the JMA equation, which is
shown as follows:

In
(

β

Tp2

)
= −

Ec
RTp

+ C

where β is defined as the cooling rate in DSC curves, Tp is the crystallization peak temperature of DSC
curves, and R is the gas constant.

The Tp corresponding to different cooling rate β was obtained using Proteus analysis software in
the DSC diagram, and then the ln(β/Tp2) values could be calculated separately. The corresponding
ln(β/Tp2) values under different 10,000/Tp were plotted by Origin drawing software, and the fitting
curves were obtained by fitting each numerical point. By plotting ln(β/Tp2) versus 10,000/Tp curves
and fitting them to the straight lines shown in Figure 7, the fitting equations and R2 could be obtained
as shown in Table 5. Ec could be calculated from the slopes of the fitting lines listed in Table 4.
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Table 4. Crystallization activation energy (Ec) calculated using different methods/(kJ/mol).

R Kissinger Ozawa

0.7 643 ± 80 616 ± 75
0.8 520 ± 62 493 ± 60
0.9 445 ± 27 417 ± 14
1.0 331 ± 36 301 ± 27
1.1 290 ± 44 265 ± 47
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Table 5. The fitting equations and R2.

R Fitting Equations R2

0.7 ln(β/Tp2) = −(7.73/Tp) + 61.45 0.96971
0.8 ln(β/Tp2) = −(6.26/Tp) + 50.94 0.97224
0.9 ln(β/Tp2) = −(5.35/Tp) + 44.40 0.99227
1.0 ln(β/Tp2) = −(3.98/Tp) + 35.34 0.95537
1.1 ln(β/Tp2) = −(3.49/Tp) + 32.13 0.91386

The Ozawa [19] method is another method widely used to calculate Ec, the equation is as follows:

Inβ = −
Ec

RTp
+ C

By plotting ln(β/Tp2) versus 10,000/Tp curves and fitting them to the straight lines shown in
Figure 8, the fitting equations and R2 could be obtained as shown in Table 6. Ec could be calculated
from the slopes of the fitting lines listed in Table 4.
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Table 6. The fitting equations and R2.

R R2 Fitting Equations

0.7 0.97112 lnβ = −(7.41/Tp) + 44.68
0.8 0.97112 lnβ = −(5.93/Tp) + 34.13
0.9 0.99797 lnβ = −(5.34/Tp) + 29.54
1.0 0.97037 lnβ = −(3.62/Tp) + 18.37
1.1 0.90151 lnβ = −(3.19/Tp) + 15.48

As shown in Table 4, all the results showed that the Ec increased when basicity decreased. This indicated
that when the basicity was small, the atom needed more energy to overcome increasingly large
rearrangement barriers of structural units, so the state was not easy to change, therefore the crystallization
of BFS could be restrained by decreasing basicity. All of these showed that decreasing basicity of
BFS could effectively inhibit crystallization precipitation in BFS and prepare slag beads with high
amorphous phase content.
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3.4. Effect of Slag Beads with Different Basicities on Concrete Properties

The influence of different basicities of slag beads on the compression strength of concrete at
different ages was studied by using slag beads as aggregate. As shown in Table 7, with the decrease of
basicity, the compression strength of concrete increased gradually at different ages, thus could greatly
improve the safety performance of concrete. This was mainly because with the decrease of basicity,
the amorphous phase content of slag beads increased, which led to the activity of slag beads increasing
gradually. Adding the slag beads as admixture to concrete, the active substance in slag beads and
Ca(OH)2 produced by hydration of C2S in cement further reacted to produce hydrated calcium silicate,
which could be used to fill the pores of concrete and increase its density, so as to enhance the strength
of the concrete.

Table 7. Compression strength of concrete at different ages/MPa.

R
Age

3d 7d 28d

0.7 22.1 29.1 34.1
0.8 21.3 28.8 33.6
0.9 20.9 25.9 31.2
1.0 18.5 24.2 30.1
1.1 17.3 23.7 29.6

4. Conclusions

The components of the BFS with the basicity of 0.7–1.1 was different, and the type and quantity
of the precipitated minerals were different in the whole cooling process. The initial crystallization
phases were all melilite, and the crystallization temperature of BFS were 1280.40 ◦C, 1329.70 ◦C,
1370.4 ◦C, 1403.20 ◦C, and 1427.40 ◦C with the increase of basicity. The increase of basicity promoted
the precipitation of melilite and spinel, and inhibited the precipitation of anorthite, pyroxene and
wollastonite. The initial crystallization temperature of the BFS was determined by the melilite’s initial
crystallization phase and it decreased gradually with the decrease of basicity, thereby decreasing
the basicity could increase the gas quenching temperature range of BFS to obtain more amorphous
phase. With the decrease of basicity, the activity of slag beads increased gradually, which significantly
improved the compression strength of concrete.

The crystallization activation energy of BFS with basicity 0.7 was 643 kJ/mol, which was much
higher than that of 290 kJ/mol of BFS with basicity 1.1. It could effectively inhibit the crystallization
precipitation and was more beneficial to prepare amorphous slag beads by decreasing basicity and
increasing cooling rate. There was basically no crystal precipitated when the cooling rate was higher
than 55 ◦C/min with basicity lower than 0.9. The results of the XRD analysis and the results of the DSC
dynamics verified with the results of the thermodynamic simulation.
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