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Abstract: The differential scanning calorimetry (DSC) sapphire analysis was used to measure the
specific heat capacity of the BF (BF) slag and observe the CaO-SiO2-MgO-Al2O3-TiO2 5-element slag
system with the binary basicity fixed at 1.17. The specific heat capacity of the BF slag and the cooling
heat distribution were obtained during the cooling process when the MgO content changing from 7%
to 11%. The results showed that the heat released of BF slag was more than 1.2 GJ/ton during the
cooling process from 1400 ◦C to 35 ◦C, of which the sensible heat was dominant. At MgO content
of 9%, the latent heat of crystallization is maximum. The cooling and heat release law of BF slag is
directly associated with the phase precipitated in slag cooling and micromorphology.

Keywords: BF slag; specific-heat capacity; MgO content; heat release

1. Introduction

BF slag is the most important solid waste in the ironmaking process, and its annual
emission exceeds 200 million tons per year. The molten BF slag discharged at 1500 ◦C
contains a large number of high-quality sensible heat [1,2]. The calorific value per ton of slag
is equivalent to the calorific value of 58 kg standard coal [3–5]. Therefore, BF slag has dual
properties, namely, the source of energy and material resources, and the heat contained is a
kind of high-quality energy, the material is important raw materials for cement production.
When cooled quickly, the slag does not have sufficient time to crystallize; as such, the latent
heat of solidification is not released in a promptly manner and is converted to chemical
energy to maintain a glassy form. Therefore, BF slag is chemically active. Moreover, BF slag
exhibits cementitious property and specific strength when treated with the raw materials
for cement production. Scientific and effective utilization is important to improve energy
efficiency and reduce resource consumption in the iron and steel industry. It is an important
way to alleviate the bottleneck of resource shortage and promote the development of the
green recycling industry.

At present, the water quenching process is used to treat the BF slag. The water quench-
ing process exists a lot of problems and difficulty, such as high water consumption, high
drying energy consumption, environmental pollution, and no heat recovery [6,7]. Inspired
by the principle of coke dry quenching, researchers start to study the dry granulation of
molten slag and sensible heat recovery on the basis of direct or indirect contact between the
heat transfer medium and BF slag without water consumption, i.e., dry granulation, and
to solve these problems. Researchers have carried out systematic research work around
the particle-forming mechanism, granulation mechanism, movement, and distribution
settlement behavior in the process of dry granulation [8–13]. Now, the dry granulation
process is mature and provides a guarantee for the subsequent waste heat recovery.

After high-temperature slag particles are obtained on the basis of dry granulation,
researchers study physical and chemical recovery methods around the waste heat recovery

Metals 2021, 11, 1294. https://doi.org/10.3390/met11081294 https://www.mdpi.com/journal/metals

https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-7596-7860
https://doi.org/10.3390/met11081294
https://doi.org/10.3390/met11081294
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11081294
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11081294?type=check_update&version=2


Metals 2021, 11, 1294 2 of 13

of high-temperature slag particles [14,15]. In a physical way, taking air and water as heat
transfer media, the waste heat is recovered by the gas–solid heat transfer of fluidized bed
and packed bed. In a chemical way, the sensible heat of the BF slag was converted into
chemical heat storage by an endothermic chemical reaction [16–20]. The physical method
is mature but needs many times of energy conversion. Thus, the energy consumption and
loss of energy flow are high. The chemical method has outstanding advantages, but the
whole system is not mature. No matter which way is used to recover waste heat, the heat
release law of the BF slag must be defined in the cooling process, thus realizing the quantity
and quality of waste heat. Finally, the energy recovery concept of “temperature matching,
cascade utilization” will be achieved.

Therefore, it is necessary to clarify the basic data of thermophysical properties of BF
slag in different states, such as specific heat capacity, heat release law during the cooling
process. The specific heat capacity is a physical quantity that reflects the ability of a
substance in heat absorption and release and an attribute of material. Generally, in making
rough calculations, people mostly compare based on the basic thermophysical data of the
typical silicate [21,22]. However, some differences are present between them. Based on this,
the specific heat capacity of the BF slag is measured systematically in this work to establish
the relationship between the composition of the BF slag and its specific heat capacity.

2. Experimental
2.1. Testing Fundamentals

The specific heat capacity of materials is measured using the adiabatic calorimetry,
flow calorimetry, and conduction calorimetry. DSC can be divided into the steady-state
ADSC, sapphire method, and stepwise scanning methods [23–26]. Among these methods,
the sapphire method is a typical indirect measurement method and is widely used due to
its high reliability and high stability [27–31]. In the sapphire method, the specific heat of
the known standard sapphire is used to calibrate the specific heat of other samples with
known masses. In order to obtain the specific heat of the sample, three tests are required
during the experiment. First, the baseline test, i.e., the blank crucible test (blank test), which
is carried out. Then, the sapphire standard sample test (sapphire test) is carried out by
using a blank crucible as a reference sample. Finally, the sample is tested (sample test) by
using a blank crucible as a reference sample. A typical example diagram of the three DSC
test curves is shown in Figure 1. The specific heat capacity of the sample is obtained by
subtracting the curves. The specific calculation formula is as follows:

CSample
p = CSapphire

p ·
mSapphire

mSample
·

PSample − PBaseline

PSapphire − PBaseline
(1)

where m refers to mass (mg), Cp refers to specific heat capacity (J g−1 ◦C−1), and P refers to
heat flow, DSC signal after deducting baseline in relative coordinates (m·W).

2.2. Experimental Scheme

During the experiment, the BF slag is synthesized by an analytically pure chemical
reagent. The experiment focuses on the investigation of the CaO-SiO2-MgO-Al2O3-TiO2
5-element BF slag. The specific experimental scheme is shown in Table 1 [32], and this
chemical composition is the same as that in the literature. The binary basicity R (CaO/SiO2),
Al2O3 content, and TiO2 content are 1.17%, 12%, and 5%, respectively; and the MgO content
ranges from 7% to 11%. Firstly, slag samples were pre-melted in the MoSi2 furnace, heated
to 1500 ◦C, and kept for 2 h to ensure that the samples are fully mixed. Then, some slag
were rapidly poured into the water for quenching to obtain the glassy slag, some slag
were slowly cooling to obtain the crystallization slag. The glassy slag and crystallization
slag were then dried, crushed, and ground to obtain a particle size of 200 mesh or less for
tests. The glassy slag was used for the DSC tests (NETZSCH, Selb, Germany), whereas
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crystallization slags were used for XRD (Rigaku Corporation, Tokyo, Japan) and SEM-EDS
tests (JEOL, Tokyo, Japan), to obtain phase and microstructure characterization.
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Table 1. Chemical composition of synthesized BF slag.

No. CaO
(wt%)

SiO2
(wt%)

MgO
(wt%)

Al2O3
(wt%)

TiO2
(wt%)

R
(CaO/SiO2)

1 40.04 34.22 7.00 12.00 5.00 1.17
2 39.50 33.76 8.00 12.00 5.00 1.17
3 38.96 33.30 9.00 12.00 5.00 1.17
4 38.42 32.84 10.00 12.00 5.00 1.17
5 37.88 32.38 11.00 12.00 5.00 1.17

The experimental conditions for specific heat capacity testing through the DSC method
are as follows: the heating rate, 10 K·min−1; heating from room temperature to 1400 ◦C;
protective atmosphere, Ar gas. The corundum crucible is used.

3. Results and Discussion
3.1. DSC Curves of BF Slag with Different Contents of MgO

Figure 2 shows the DSC curves of the BF slag with different contents of MgO. It
can be seen three evident endothermic and exothermic peaks in the DSC curve with
increased temperature. Three peaks’ local magnification are shown in Figure 3. The
temperature ranges corresponded to the three peaks are 830 ◦C–890 ◦C, 1160 ◦C–1230 ◦C,
and 1300 ◦C–1345 ◦C, indicating three typical phase precipitation or crystal transformation
zones in the corresponding temperature range in the heating process of water-quenched
BF slag. With the increase in the MgO content, the temperature of peak 1 increases firstly
and then decreases. This is because with the increase of MgO content, some low melting
point compounds are easily formed in the slag. When the MgO content in the slag is
too high, the melting point of the slag increases instead. In addition, endothermic and
exothermic peaks exist in the range of 1300 ◦C–1345 ◦C and show an evident superposed
peak trend, indicating two and more phase precipitations or crystal transformations in this
temperature range.
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peak-1, exothermic peak-2, and peak-3.

Figure 4 shows the change in the peak temperature in three crystallization regions
of BF slag with different contents of MgO. With increased content of MgO in the BF slag,
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the peak temperatures 1160 ◦C–1230 ◦C and 1300 ◦C–1345 ◦C two crystallization regions
move to the high-temperature zone, showing an upward trend, due to the change in the
theoretical crystallization temperature of the secondary phase caused by increased MgO.
The peak temperature in the 830 ◦C–890 ◦C crystallization region increases first and then
decreases due to the increased theoretical crystallization temperature of the main phase
caused by increased MgO.
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3.2. Specific Heat Capacity and Heat Cooling Release of BF Slag with Different Contents of MgO

On the basis of Equation (1), the specific heat capacity of the BF slag is calculated,
and the result is shown in Figure 5. The specific heat capacity of BF slag is divided into
four ranges with stable specific heat capacity by three crystallization regions during the
whole heating process, namely, Range-1 (35 ◦C–730 ◦C), Range-2 (900 ◦C–1170 ◦C), Range-3
(1220 ◦C–1285 ◦C), and Range-4 (1345 ◦C–1400 ◦C). Then, the expression of specific heat
capacity in the corresponding ranges is fitted, and the result is shown in Table 2. Fitting
results are highly correlated. The specific expressions are as follows:

Range-1 : Cp1 = a + b × 10−2T + c × 10−5T2
[
J·g−1·◦C−1

]
(2)

Range-2 : Cp2 = a + b × T + c × 10−2T2 + d × 10−6T3
[
J·g−1·◦C−1

]
(3)

Range-3 : Cp3 = a + b × T + c × 10−3T2
[
J·g−1·◦C−1

]
(4)

Range-4 : Cp4 = a + b × 10−2T + c × T2 + d × 10−4T3
[
J·g−1·◦C−1

]
(5)
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Table 2. The relationship between specific heat capacity and temperature.

T [◦C]
(Range-1)

Cp=a+b×10−2T+c×10−5T2
R2 T [◦C]

(Range-2)
Cp=a+b×T+c×10−2T2+d×10−6T3

R2

a b c a b c d

37–712 1.9823 –0.54 0.40 0.9913 907–1082 –446.56 1.3509 –0.14 0.50 0.9984
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T [◦C]
(Range-3)

Cp=a+b×T+c×10−3T2
R2 T [◦C]

(Range-4)
Cp=a+b×102T+c×T2+d×10−4T3

R2

a b c a b c d

1222–1282 582.7 –0.9665 0.40 0.9955 1352–1400 28,111 –0.6142 0.0447 –0.10 0.9642
1225–1297 934.6 –1.5277 0.60 0.9963 1348–1400 –5496 0.1199 –0.0087 0.02 0.9931
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Based on the above expression of specific heat capacity, the heat released from each
ton of BF slag can be obtained during the cooling process of BF slag from 1400 ◦C to
35 ◦C. Therefore, the latent heat of phase transformation and the change in specific heat
capacity caused by different aggregation states of the matter before and after phase trans-
formation should be considered. The heat change should be calculated in seven sections,
namely, 35 ◦C–720 ◦C, 720 ◦C–900 ◦C, 900 ◦C–1170 ◦C, 1170 ◦C–1220 ◦C, 1220 ◦C–1285 ◦C,
1285 ◦C–1345 ◦C, and 1345 ◦C–1400 ◦C. The specific calculation formulas are as follows.

∆H1 =
∫ 720

35
Cp1dT =

∫ 720

35
a + b × 10−2T + c × 10−5T2dT (6)

∆H2 = ∆fusH1 =
∫ 900

720
DSCPeak–1dT (7)

∆H3 =
∫ 1170

900
Cp2dT =

∫ 1170

900
a + b × T + c × 10−2T2 + d × 10−6T3dT (8)

∆H4 = ∆fusH2 =
∫ 1220

1170
DSCPeak–2dT (9)
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∆H5 =
∫ 1285

1220
Cp3dT =

∫ 1285

1220
a + b × T + c × 10−3T2dT (10)

∆H6 = ∆fusH3 =
∫ 1345

1285
DSCPeak–3dT (11)

∆H7 =
∫ 1400

1345
Cp4dT =

∫ 1400

1345
a + b × 102T + c × T2 + d × 10−4T3dT (12)

∆Htotals = ∆H1 + ∆H2 + ∆H3 + ∆H4 + ∆H5 + ∆H6 + ∆H7 (13)

∆H1, ∆H3, ∆H5, and ∆H7 refer to physical sensible heat, which can be obtained
through the relationship between specific heat capacity and the temperature of the BF slag.
∆H2, ∆H4, and ∆H6 refer to the latent heat of phase transformation, which can be obtained
through the integral area of endothermic and exothermic peaks of the DSC curve.

When the temperature drops from 1400 ◦C to 35 ◦C, the distribution of the heat
released from per ton of BF slag is shown in Table 3. The heat released by the BF slag in the
cooling process exceeds 1.2 × 106 kJ/ton, which indicates that the heat in the BF slag is
a high-quality heat source with a high recycling value. With increased MgO content, the
amount of total heat released shows an upward trend first and then downward. When the
MgO content increase from 7% to 11%, the ∆H1 shows an increasing trend, from 0.43 × 106

to 1.29 × 106 kJ/ton, while the ∆H3 decrease from 0.15 × 106 to 0.02 × 106 kJ/ton. This
may be because with the increase of MgO, the phase of the slag changed. The change of
∆H mainly depends on the phase and crystallization of the slag. In addition, the ∆H1 of
slag with 7% and 8% is lower than other slags. This may be because when the MgO content
is low, the slag does not crystallize sufficiently, resulting in less heat release.

Table 3. Heat release of per ton of BF slag from 1400 ◦C to 35 ◦C.

MgO%
Heat Release (×106 kJ)

∆H1 ∆H2 ∆H3 ∆H4 ∆H5 ∆H6 ∆H7 ∆Htotals

7% 0.4324 –0.0139 0.1474 0.0088 0.3756 0.0112 0.2895 1.2788
8% 0.6803 –0.0130 0.2192 0.0378 0.1610 0.0124 0.2897 1.4134
9% 1.0713 –0.0133 0.3702 0.0282 0.5283 0.0139 0.3029 2.3281

10% 0.7369 –0.0123 0.0549 0.0066 0.3241 0.0103 0.2347 1.3798
11% 1.2908 –0.0138 0.0244 0.0053 0.1828 0.0120 0.0691 1.5982

The proportion of heat of each component can be obtained by normalizing the heat
release of the BF slag in each component. At the same time, considering that the BF
slag after cooling can be still used as the raw material for cement production, no crystal
precipitation is required in the cooling process. Therefore, the physical sensible heat values,
namely, ∆H1, ∆H3, ∆H5, and ∆H7, are summarized as recoverable heat; and the latent heat
values, specifically, ∆H2, ∆H4, and ∆H6, are summarized as nonrecoverable heat. Finally,
the distribution of cooling heat of the BF slag is obtained (Figure 6).

From the whole heat distribution, the proportion of sensible heat (∆H1, ∆H3, ∆H5,
and ∆H7) is far more than that of the latent heat (∆H2, ∆H4, and ∆H6) of crystallization.
Among them, more than 90% of heat is physically sensible heat. The proportion of latent
heat, as nonrecyclable heat, increases first and then decreases with increasing MgO content.
This result indicates that the content of MgO in the BF slag is increased, which helps to
precipitate increased crystals during the cooling process for the latent heat of crystallization
to increase and the physical heat to decrease. The release of sensible heat reaches stability
when the content of MgO is over 9%. Therefore, it can be inferred that the heat release
law of the BF slag in the cooling process is related to the phase composition and micro
morphology of the slag.
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Figure 6. Distribution of heat released in each stage of BF slag cooling.

3.3. Analysis on Phase and Micro Morphology of BF Slag with Different Contents of MgO

The Equip module of the thermodynamic calculation software Factsage 8.1 (FactSage,
Aachen, Germany) is adopted for the thermodynamic calculation of crystallization in BF
slag. Figure 7 shows the phase precipitation during the cooling crystallization process of
the CaO-SiO2-Al2O3-MgO-TiO2 slag system under different MgO contents. This figure
indicates that the major precipitated phase is melilite and CaTiO3. In addition, CaSiO3,
CaSiTiO5, CaAl2SiO8, Clinopyroxene, Wollastonite, and Titania_Spinel are observed.

The crystallization temperatures of melilite exhibit a rising trend. By contrast, the
crystallization temperature of CaTiO3 and CaSiO3 present a declining trend. These results
are mainly attributed to several low melting-point phases transforming into high melting-
point phases and the melilite phase turning into the MgO-rich spinel phase with an increase
in MgO content.

It can be seen the changes in the crystallization amount of the melilite phase along
with temperature under different MgO contents of slag. As shown in the figure, the
crystallization amount of melilite increases continuously and can reach up to 80% when
temperature decreases. The crystallization speed of melilite is extremely fast when temper-
ature ranges from 1380 ◦C to 1500 ◦C, but afterward, the crystallization rate becomes stable.
The crystalline phase of CaSiO3, CaSiTiO5 and CaAl2SiO8 gradually disappeared when
MgO content increases, while, the phase of Wollastonite and Titania_Spinel precipitate.

XRD, SEM, and EDS analyses are used to define the differences in phase and micro-
morphology of the BF slag with different contents of MgO. Figure 8 presents the phase
analysis results of BF slag. XRD results show an evident amorphous peak in the slag when
the content of MgO is lower than 9%, indicating that the slag is not fully crystallized at this
moment. As the content of MgO increased to 9% or higher, the slag is fully crystallized.
The different proportions of the amorphous phase that was rather a result of randomly
different quenching rates. At the same time, the ∆H1 of slag with high MgO content (above
9%) is higher than that of slag with lower MgO content, which further proves that the heat
released by the BF slag is related to the crystallization of the slag. Typical crystalline phases
include melilite, dicalcium silicate, pseudo wollastonite, and pyroxene. Among these
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phases, melilite becomes gehlenite at low MgO content and is converted to akermanite
at 9% MgO, which is also observed with the most abundant crystallization and highest
crystallization intensity. At this moment, the latent heat released is highest, which is also
consistent with the abovementioned heat release law. Further analysis results show that
the latent heat and specific heat capacity of gehlenite and akermanite in the crystalline
phase are the same.
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Figure 9 shows the SEM images of the microstructure of BF slag with different MgO
contents and the microstructure of a typical melilite mineral [33]. Given that the crystal
morphology is short columnar or tabular, it is a typical tetragonal crystal system melilite
mineral. With the increased content of MgO, the number of melilite crystals in the field
of view decreases continuously, and the size increases continuously because the type of
melilite crystal is changed from gehlenite to akermanite. EDS analysis is carried out in
the corresponding areas of SEM samples. At 9% MgO content, the SEM–EDS results of
the selected area of BF slag are shown in Figure 10. The contents of the elements in the
corresponding areas are counted (Table 4). At this moment, the content of Ti reaches the
maximum value, and this finding is also consistent with the XRD phase analysis result.

Table 4. SEM-EDS results of BF slag with different contents of MgO.

Elements
Weight %

7% MgO, A 8% MgO, B 9% MgO, C 10% MgO, D 11% MgO, E

O 49.63 54.39 50.30 48.39 50.45
Mg 5.48 6.10 5.42 6.20 8.11
Al 5.74 5.80 5.82 5.87 5.89
Si 15.36 14.27 14.45 15.30 14.17
Ca 21.15 17.20 21.73 23.03 18.92
Ti 2.64 2.25 2.28 1.22 2.46

Totals 100% 100% 100% 100% 100%
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4. Conclusions

1. The basic database of the specific heat capacity of BF slag is improved.
2. The proportion of sensible heat is far more than that of latent heat of crystallization,

and the heat of this part has an extremely high recovery value.
3. When the BF slag is cooled from 1400 ◦C to 35 ◦C, three crystallization regions

correspond to the release of the crystallization latent heat, whereas four other regions
correspond to the release of physical sensible heat. The physical sensible heat released
at the temperature range of 35 ◦C–700 ◦C is the most.

4. The heat release during the cooling process of the BF slag is directly related to the
phase and micromorphology. The specific heat capacity of akermanite is almost equal
to that of gehlenite.
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