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Abstract 

With a view to understanding the performance of the blast furnace slag with high Al2O3 content, the effects of 
w(MgO)/w(Al2O3), w(CaO)/w(SiO2), and w(Al2O3) on the melting performance (melting characteristic temperature and 
melting heat) of the blast furnace slag with high Al2O3 content were investigated by the differential scanning calorimeter 
(DSC) method. Experimental results indicate that melting end temperature (Tend) for almost all the slags has no obvious 
change with the increase of w(MgO)/w(Al2O3), w(CaO)/w(SiO2) and w(Al2O3) of the slag will raise Tend of the slag. When 
(w(MgO)/w(Al2O3), R, and w(Al2O3) are high, the melting onset temperature (Tonset) of the slag increases with the increase 
of any variables. When w(CaO)/w(SiO2) is low, Tonset of the slag decreases with the increase of w(Al2O3). w(MgO)/w(Al2O3), 
w(CaO)/w(SiO2), and w(Al2O3) within the scope of this study and all these factors lead to the increase of the slag melting 
heat. 

Keywords: High alumina blast furnace slag; Melting characteristic temperature; Melting heat; Differential scanning 
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Introduction1.

In the process of blast furnace smelting, the 
melting performance (melting index and melting heat) 
of the blast furnace slag plays a crucial role in smooth 
operation, high yield, cost reduction of pig iron, and 
longevity of blast furnace [1-5]. In general, the 
melting temperature is the lowest temperature at 
which the solid phase disappears completely during 
the melting process of the slag and it corresponds to 
the liquidus temperature in the phase diagram. During 
the blast furnace smelting process, the slag is required 
to have an appropriate melting temperature for 
ensuring a smooth operation of the blast furnace with 
low energy consumption [6, 7].  

Up to now, the blast furnace smelting process uses 
a large amount of imported ore, which results in a 
high Al2O3 content (w(Al2O3)) in the slag [8-10]. And 
the ratio of w(MgO) to w(Al2O3) (w(MgO)/w(Al2O3)) 
has been gaining attention [11-14]. However, almost 
all research focused on the melting performance of the 
slags with low alumina [15-18] and reports on the 
melting performance of high alumina blast furnace 
slags by thermogravimetry-differential scanning 
calorimeter (TG-DSC) are rare [19-22]. Therefore, the 

effects of slag compositions, including 
w(MgO)/w(Al2O3), basicity (R), and w(Al2O3), on the 
melting performance (melting onset temperature, final 
melting temperature, and melting heat) and 
microstructure were investigated by using DSC in this 
paper. The results will have a practical guiding 
significance in blast furnace smelting with high 
alumina. 

Experimental2.

In this paper, the melting performance (melting 
index and melting heat) of CaO-SiO2-Al2O3-MgO 
slag during melting was determined by using TG-
DSC. By using the analyses of the phase diagram, 
XRD, SEM-EDS, and Raman spectroscopy, the 
influence mechanism of mineral evolution and 
composition on melting performance and 
microstructure of slag during heating up was 
discussed.  

Determination of the melting performance 2.1.

Differential scanning calorimetry (DSC) is a 
technique for measuring the energy added to a sample 
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and reference as a function of temperature and the 
obtained DSC curve is typically used for quantitative 
analysis. There are three main characteristics for the 
molten slags based on the DSC curve, 1) melting 
onset temperature (Tonset), 2) final melting temperature 
(Tend), and 3) melting heat (enthalpy change ΔH or 
heat of fusion).  

Figure 1 is a schematic diagram of a DSC curve 
and the melting performance is illustrated. Among 
them, Tonset of the slag refers to the temperature at the 
intersection of the extrapolated baseline and the 
tangent to the maximum slope of the opposite 
transition curve, and Tend of the slag corresponds to the 
intersection of the extrapolated baseline and the 
tangent at the maximum slope of the curve 
corresponding to the end of the transition, as shown in 
Figure 1(a). The area of the endothermic peak in 
Figure 1(b) is defined as the melting heat of the slag, 
which can be determined with equation (1). 
According to the abovementioned method, the 
melting performance of the melting onset and end 
temperatures of the slag and the melting heat can be 
determined based on the DSC curve of the slag.  

 
(1) 

 
where “K “ is a constant, which is the heat transfer 

coefficient between the sample and the heating 
device, and determined by the physical parameters of 
the device, “ΔH” is the heat of fusion, “ΔT” is the 
temperature difference between reference and sample, 
and “τ” is the testing time.  

 
Experimental procedure 2.2.

 
According to the actual composition of blast 

furnace slag, a pre-melted quaternary slag system 
with w(CaO) + w(MgO) + w(SiO2) + w(Al2O3) = 
100% was prepared at 1450oC for 30 min or longer 
using a graphite crucible. After being quenched the 
glassy sample (15mg) is grounded into powder 
(smaller than 74 μm) for measuring the melting 
performance. The synchronous thermal analyzer 

(STA, Germany, Netzsch STA409CD) was used for 
measuring the thermogravimetry-differential 
scanning calorimetry (TG-DSC) curve because it 
offers good reproducibility and high resolution at 
elevated temperatures. Figure 2 shows the 
temperature program, which included 15 mins 
preparing time at 30oC for putting the sample into a Pt 
crucible, 150 mins heating time from 30oC to 1500oC 
with a heating rate of 10 K/min, and then holding time 
at 1500oC for 10 mins. In a typical measuring 
experiment, the powder sample was about 15mg and 
argon (Ar) was used as the protecting atmosphere and 
the gas flow was set as 50 mL/min. Repeated 
measurements show that the experimental error is less 
than 5%. 

 
Experimental results and discussion 3.

 
In the metallurgical process, the slag of melting 

temperature, viscosity, and abilities of desulfurization 
and alkali discharge are determined by basicity 
(R=w(CaO)/w(SiO2)) [23-25]. Therefore, R is a very 
important practical parameter representing the 
composition of the slag, and it is also one of the 
important bases for determining the slagging system 
of the blast furnace. The ratio of w(MgO) to w(Al2O3) 
(w(MgO)/w(Al2O3)), which has been gaining attention 
recently, was introduced for estimating the slag in this 
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Figure 1. The schematic diagram for the melting performance 
(a) Melting index, (b) Melting heat (ΔH)

Figure 2. Temperature program for measuring the melting 
performance
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study because the negative effect of Al2O3 on the slag 
performance will be weakened by adding MgO into 
the slag when Al2O3 content in the slag is high. 
Therefore, the effects of the slag compositions 
(w(MgO)/w(Al2O3)=0.25–0.45, R=1.15–1.25, and 
w(Al2O3) =15–20%) on the melting performance 
(melting index and melting heat) of the blast furnace 
slag with high Al2O3 content were investigated in this 
study. 

 
Phases analysis in the slag 3.1.

 
To get a preliminary understanding of the slag 

composition, CaO-SiO2-MgO-Al2O3 pseudo-
quaternary melts with w(Al2O3)=15% and 
w(Al2O3)=20% are plotted with Factsage 7.30 in 
Figure 3. The slag composition investigated in this 
study is the points in Figure 3 and its main component 
is melilite (Mel, Ca2(Al, Mg)[(Al, Si)SiO7]), which is 
mainly a complex solid solution composed of 
gehlenite (Gh, Ca2Al(Al, Si)2O7, Tmel.=1593oC) and 

akermanite (Ak, Ca2MgSi2O7, Tmel.=1450oC). 
According to Figure 3, it is found that the slag with a 
liquidus temperature lower than 1400oC is only 
R=1.15, w(MgO)/w(Al2O3)=0.25, and w(Al2O3)=15%. 

To understand the slag structure, the scanning 
electron microscope energy dispersive spectrometer 
(SEM-EDS, Japan, HITACHI S-4800) was introduced. 
The slag with R=1.25, w(MgO)/w(Al2O3)=0.45, and 
w(Al2O3)=20% was kept at 1350oC for 1 hour and then 
quenched. Melilite (Mel, Ca2(Al, Mg)[(Al, Si)SiO7]) is 
confirmed as shown in Table 1. 

Furthermore, the slags with R=1.25, 
w(MgO)/w(Al2O3)=0.45 at 800oC and 1000oC were 
quenched to get the structure of the slag at high 
temperature and analyzed by X-ray diffraction 
analyzer (XRD, Japan, Rigaku Ultima IV). Figure 4 
shows the XRD analysis results of the slags. As shown 
in Figure 4, the minerals in the blast furnace slag are 
mainly melilite (Mel, Ca2(Al, Mg)[(Al, Si)SiO7])) and 
are in good agreement with the phase diagram in 
Figure 3. 
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Figure 3. Phase diagram of CaO-SiO2-Al2O3-MgO melts 
(a) w(Al2O3)=15%, (b) w(Al2O3)=20%

SEM morphology Energy spectrum Element analysis

Element Atomic%

O 44.14

Ca 26.20

Mg 3.16

Al 12.15

Si 14.12

Table 1. SEM-EDS of slag



DSC curves 3.2.
 
Figure 5 is the DSC curves of the BF slag. All 

curves show exothermic peaks between 891–944oC 
(Peak 1, average temperature is 920oC). Exothermic 
peaks are caused by phase transitions from 
amorphous SiO2 to crystal SiO2 with ΔH<0. Most of 
the DSC curves show a sharp endothermic peak at 

1282–1303oC (Peak 3, average temperature is 
1290oC), which is considered to be caused by the 
reverse eutectic reaction of Wo + Gh ↔ Liquid+ 
ΔH>0. The peak at 1388–1447oC (Peak 3, average 
temperature is 1409oC) is blunter than the 
endothermic peak at 1290oC, which is assumed as the 
endothermic peak of the melting process for the 
residual slag.   
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Figure 4. XRD analysis results of slags (R=1.25, w(MgO)/w(Al2O3)=0.45) 
(a) w(Al2O3)=15%, (b) w(Al2O3)=20%

Figure 5. DSC curves of the slags 
(a) R=1.15, (b) R=1.20, and (c) R=1.25



Effect of w(MgO)/w(Al2O3) on the melting 3.3.
performance 
 
Figure 6 shows the effect of w(MgO)/w(Al2O3) on 

the melting index (Tonset: melting onset temperature; 
Tend: final melting temperature). As shown in Figure 6. 
Tend of the slags except for R=1.15, 
w(MgO)/w(Al2O3)=0.25, and w(Al2O3)=15% has no 
obvious change because the compositions of the slags 
in this study are nearly similar. The liquidus 
temperature lower than 1400oC is only the slag of 
R=1.15, w(MgO)/w(Al2O3)=0.25, and w(Al2O3)=15%, 
which is in good agreement with the phase diagram in 
Figure 2.  

Tonset of the slag have no obvious change with the 
increase of w(MgO)/w(Al2O3) when R and w(Al2O3) 
in the slags are low (Figures 6(a) and 6(b)). However, 
Tonset of the slags increases with the increase of 
w(MgO)/w(Al2O3) in Figure 6(c) when R and 

w(Al2O3) in the slags are high and it is a series of 
complex compounds with high melting point, such as 
spinel (Spl, MgO·A12O3, Tmel.=2135oC) and forsterite 
(Fo, 2MgO·SiO2, Tmel.=1890oC), are formed.  

In order to verify whether high melting point 
compounds are generated in the slag with high R and 
w(Al2O3), the slag of R=1.25, 
w(MgO)/w(Al2O3)=0.45, and w(Al2O3)=20% was 
prepared by keeping at 1350oC for 1 hour and then 
quenched for analysis by SEM-EDS. Spinel (Spl, 
MgO·A12O3, Tmel.=2135oC) at Point A was founded as 
shown in Table 2 and the above supposition for the 
generation of high melting point compounds was 
confirmed. 

Figure 7 illustrates the effect of w(MgO)/w(Al2O3) 
on the melting heat. As w(MgO)/w(Al2O3) increases, 
the melting heat of the slag increases as well. 
Typically, CaO and MgO act as a network modifier, 
and ions of Ca2+ and Mg2+ destroy the bridge oxygen 
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Figure 6. Effect of w(MgO)/w(Al2O3) on melting index(a) R=1.15, (b) R=1.20, (c) R=1.25



connecting in [SiO4]4- tetrahedron and [AlO4]5- 

tetrahedron, which results in the depolymerization of 
the complex network structure of the aluminosilicate 
and reduce the degree of polymerization of the slag 
[26-29]. As w(MgO)/w(Al2O3) increases, more MgO 
replaces CaO in the slag to simplify and depolymerize 
the silicate network. It is noted that the lattice energy 
of MgO (3791 kJ/mol) is higher than the CaO lattice 
energy (3401 kJ/mol) [30]. Thus, the energy required 
to destroy the MgO lattice during the slag melting is 
higher than that of CaO and it results in an increase in 
melting heat. Meanwhile, complex compounds with 
high melting temperature, such as spinel (Spl. 
MgO·Al2O3, Tmel.=2135oC) and forsterite (Fo, 
2MgO·SiO2, Tmel.=1890oC), are generated, and lead to 
a higher melting heat of the slag when 
w(MgO)/w(Al2O3) increases. 

 
Effect of R on the melting performance 3.4.

 
Figure 8 shows the effect of R on melting index. As 

shown in Figure 8, it is found that the melting onset 
temperature of the slag, especially for the slag with high 
w(Al2O3), and w(MgO)/w(Al2O3), generally increases with 
the increase of R. It is because the melting temperature of 
CaO (Tmel.=2570oC) is higher than the melting temperature 
of SiO2 (Tmel.=1723oC). In addition, it is found that the final 

melting temperature slightly increases with the increase of 
R when w(Al2O3) and w(MgO)/w(Al2O3) are constant. It is 
considered that increasing R of the slag rises the liquidus 
temperature of the slag, which is in agreement with the 
phase diagram in Figure 3.  

Figure 9 shows that the melting heat increases 
with the increase of R, and it is in agreement with the 
phase diagram in Figure 3. Because increasing R of 
the slag rises the liquidus temperature of the slag, i.e., 
increasing R of the slag rises the melting heat.  

   
Effect of w(Al2O3) on the melting 3.5.

performance 
 
Figure 10 shows that the melting onset 

temperature decreases with the increase of w(Al2O3) 
when R is low (R =1.15, 1.20). It is considered that the 
main reason is the slag composition (Mel, 
2CaO·0.5MgO·0.5Al2O3·1.5SiO2) with low SiO2 is 
near a eutectic line (1235–1250oC) and the slag 
undergoes a eutectic reverse reaction (equation (2)) 
along the eutectic line when An (CaO·Al2O3·2SiO2) 
exist locally in the slag based on our previous work 
[31]. Thus, the process of liquid phase formation 
occurs at about 1250oC or lower temperature and the 
melting onset temperature gradually decreases with 
the increase of w(Al2O3). 
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SEM morphology Energy spectrum Element analysis

Element Atomic%

O 59.17

Ca 0.27

Mg 13.92

Al 26.59

Figure 7. Effect of w(MgO)/w(Al2O3) on the melting heat

Table 2. SEM-EDS results of the slag



 
(2) 

 
where L is the liquid phase, An is anorthite, Mel is 

melilite, and ↔ indicates that the reaction is a 
reversible reaction. 

However, when R=1.25, w(MgO)/w(Al2O3)=0.45, 
the melting onset temperature increases with the 
increase of w(Al2O3) and it is primarily due to the 
generation of certain high melting point compounds, 
such as spinel (Spl, MgO·A12O3, Tmel.=2135oC). The 
high melting point compound leads to a poor fluidity 
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Figure 8. Effect of R on melting index 
(a) w(Al2O3)=15%, (b) w(Al2O3)=18%, (c) w(Al2O3)=20%

Figure 9. Effect of R on the melting heat
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of the slag. Therefore, as the w(Al2O3) in the slag 
increases, the internal structure due to the generation 
of high melting point compounds becomes 
complicated and the melting onset temperature of the 
slag increases. 

The final melting temperature of the slag slightly 
increases with the increase of w(Al2O3). It is assumed 
that the composition of the slag shifts to spinel and 
liquidus temperature increases with the increase of 
w(Al2O3) as shown in Figure 3. 

Figure 11 shows that the melting heat of the slag 
gradually increases with the increase of w(Al2O3) in 
blast furnace slag under fixed R and 
w(MgO)/w(Al2O3), which means that the slag needs 
more energy to depolymerize the network structure of 
the slag with the increase of w(Al2O3) in the blast 
furnace slag. Figure 12 shows the Raman spectra of 
the CaO-SiO2-Al2O3-MgO slag system at 1450oC by 
using the Raman spectrometer (Shanghai, Renishaw, 
inVia Qontor) when the w(Al2O3) is 15% and 18%, 

respectively. It is found that with the increase of 
w(Al2O3), w(SiO2) decreases, the spectral peak 
intensity of [AlO4]5- cluster structure gradually 
increases (the degree of polymerization increases), the 
spectral peak intensity of [SiO4]4- cluster structure 
gradually decreases (the degree of polymerization 
decreases). This indicates that with the increase of 
w(Al2O3), part of [SiO4]4- (Si4+) is replaced by [AlO4]5- 
(Al3+) and the simple AlxOy

z- structure with non-
bridging oxygen in the slag polymerizes and 
transforms into a more complex [AlO4]5- cluster 
structure (aluminosilicate structure) with bridging 
oxygen.  

Furthermore, it is noted that Al2O3 is an ionic 
compound and its lattice energy is about 15111 kJ/mol 
[32], which is higher than the lattice energy of SiO2 
(2600 kJ/mol) [30]. Thus, the energy required to 
destroy Al2O3 lattice during the slag melting is quite 
higher than that of the SiO2 lattice, which results in an 
increase in the melting heat when w(Al2O3) increases.   
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Figure 10. Effect of Al2O3 content on melting index 
(a) R=1.15, (b) R=1.20, (c) R=1.25



The melting heat of the actual slag was also 
measured by using the DSC method and between 160 
J/g and 220 J/g. In general, the slag with too low 
melting heat has good fluidity, which causes the heat 
to dissipate fast, and is not conducive to the storage 
heat of hearth. Too high melting heat of the slag 
requires higher fuel ratio to supply enough heat for the 
operation and results in a large heat loss in the hearth. 
Therefore, 0.35–0.45 of w(MgO)/w(Al2O3) is suitable 
when R is 1.15–1.25, and w(MgO)/w(Al2O3) is 
allowed to be a bit smaller when R is high from the 
view of the melting heat because the melting heat of 
those is between 150 J/g and 225 J/g. 

 
Conclusions 4.

 
In this paper, the effects of slag compositions, 

including w(MgO)/w(Al2O3), basicity 
(R=w(CaO)/w(SiO2)), and w(Al2O3), on melting 
performance were studied by combining with the 
DSC, phase diagram, XRD, SEM-EDS, and Raman 
spectrum analyses. The conclusions are summarized 
as follows: 

(1) An increase in R and w(Al2O3) of the slag leads 
to an increase in the Tend of the blast furnace slag. For 
almost all slag samples in this work there is no 
obvious change in the Tend with the increase of 
w(MgO)/w(Al2O3). 

(2) When (w(MgO)/w(Al2O3), R, and w(Al2O3) are 
high, Tonset of the slag increases with the increase of 
one of the variables. When R is low, Tonset of the slag 
decreases with the increase of w (Al2O3).  

(3) The melting heat of the slag increases with the 
increase of w(MgO)/w(Al2O3), R, and w(Al2O3). 
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Apstrakt 
 
Da bi se razumele performanse šljake visoke peći sa visokim sadržajem Al2O3, efekti w(MgO)/ w(Al2O3), w(CaO)/ w(SiO2) 
i w(Al2O3) na performanse topljenja (karakteristična temperatura topljenja i toplota topljenja) šljake iz visokih peći sa 
visokim sadržajem Al2O3 su ispitivane metodom diferencijalnog skenirajućeg kalorimetra (DSC). Eksperimentalni rezultati 
pokazuju da konačna temperatura topljenja (Tend) za skoro sve šljake nema očigledne promene sa porastom 
w(MgO)/w(Al2O3), dok porast w(CaO)/w(SiO2) i w(Al2O3) šljake povećavaju Tend šljake. Kada su w(MgO)/w(Al2O3), R i 
w(Al2O3) visoki, temperatura početka topljenja (Tonset) šljake raste sa povećanjem jedne od varijabli. Kada je 
w(CaO)/w(SiO2) nizak, Tonset šljake opada sa povećanjem w(Al2O3). w(MgO)/w(Al2O3), w(CaO)/w(SiO2) i w(Al2O3) su u 
kontekstu ove studije i svi ovi faktori dovode do povećanja temperature topljenja šljake. 
 
Ključne reči: Šljaka visoke peći sa visokim sadržajem glinice; Karakteristična temperatura topljenja; Toplota topljenja; 
Diferencijalni skenirajući kalorimetar; Ramanska spektroskopija
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