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Abstract
A glass set with a high content of blast-furnace slag and a reduced amount of traditional raw materials requires optimiza-
tion of the raw material composition and adjustment of its specificity to the temperature regime of melting, homogenizing 
and clarifying the glass mass. The introduction of an increased amount of blast-furnace slag allows to reduce the cost of 
raw materials: soda, limestone and high-class sand, reduce energy costs, whose consumption significantly decreases and 
reduces  CO2 emissions in line with EU requirements. The tests of thermal analysis of a glass set with different contents of 
Calumite are aimed at learning the mechanism of its operation by determining the changes caused by its different presence 
in the course of subsequent reactions between the components of the glass set. Analysis of the influence of the addition of 
different Calumite slag contents treated as a substitute for the raw material on the melting process of glassware sets was 
analyzed. The tests were carried out using differential thermal analysis (DTA) and thermogravimetry (TG) based on the 
model glass [mass%]: 73.0%  SiO2, 1.0%  Al2O3, 10.0% CaO, 2.0% MgO and 14.0%  Na2O. The effect of combining Calumite 
with sulphate and multi-component fining agent—mixtures of  As2O3,  Sb2O3,  NaNO3 in proportions of 1:1:1 for chemical 
reaction and phase transformation, was investigated.
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Introduction

Blast-furnace slag is a waste material from iron production 
in large blast furnaces. This non-metal product is composed 
of calcium–magnesium–aluminosilicates that are also the 
components of the ordinary sodium–calcium–silicate glass. 
One of the valuable substitute raw materials for the pro-
duction of transparent or green container glass, and amber 
colour in particular, which gives the greatest potential to 
intensify melting process, is granulated metallurgical slag. 
The importance of blast-furnace slag lies in its chemical 
and phase composition [1]. Typical blast-furnace slag is 

composed of: 45–50% CaO + MgO; 35–40%  SiO2; 5–10% 
 Al2O3. When modern cooling methods for slag are used, 
slag contains 90% of the glass phase, whose composition 
is like a solid solution of gehlenite 2CaO·Al2O3·SiO2 and 
akermanite 2CaO·MgO·2SiO2. Therefore, it is the most 
desired form of raw material used to introduce  Al2O3, CaO 
and MgO.

Sulphides from slag used to introduce sulphur into glass 
batch, where it is desired, play a very useful role, since they 
react with  SiO2 in lower temperatures (860 °C) than sul-
phides (1090 °C). Moreover, they melt with sulphates in 
the temperature of 732 °C, producing liquid phase, which is 
crucial at this stage of melting process. In the temperature 
of 900 °C, sulphides and sulphates react and emit a sub-
stantial quantity of gases such as  SO2. The temperature of 
this reaction is also much lower than for thermal sulphides 
decomposition (1288 °C) [2]. As a consequence of this reac-
tion, the amount of sulphur dissolved in the silicate alloy is 
substantially reduced, thus the risk of secondary foaming 
is reduced.

When iron level is sufficiently low, slag may play the 
role of a very efficient fining agent that introduces the 
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desired amount of sulphur and a considerable amount of 
 Al2O3 [6] at the same time. Calumite [3, 4] is most efficient 
in improving fining of glass melt (fining capacity is estab-
lished as a ratio between the quantity of bubbles in the melt 
with and without Calumite) into transparent sodium–lime 
glass, when its content in the batch amounts to 2 parts to 
100 parts of sand. Further increase in the slag content in 
the batch (up to 10 parts: 100 sand parts) results in further, 
but not that sharp, decrease in the quantity of bubbles in 
molten glass. Benefits from further increase in slag con-
tent in the batch are not connected with fining, but with 
acceleration of melting process that results from improved 
introduction of CO, MgO and  Al2O3 into the batch. Carty 
[5] proposed a selective dispensing of glass components 
and subjecting them to selective agglomeration and granu-
lation of small volume to facilitate observation of melt-
ing reactions. Other researchers found that the solid-phase 
reaction  Na2Ca(CO3)2 is extremely fast [6]. The stage of 
glass components melting and formation of a homogeneous 
alloy is accompanied by a continuous release of the com-
ponents dissolved in it. Above 1000 °C, the eutectic alloy 
reacts with sand, dissolving in the formed alloy, which can 
be seen as a broad endothermic activity 1112–1228 °C [7, 
8]. The study on the admixture of substitute raw materials 
in the form of cullet and small quantities of slag shows that 
they have a positive effect on the process of dissolution and 
melting of glass batches [9]. A change in melting kinetics 
due to faster eutectic alloy formation improves the homog-
enization of glass melt in temperatures lower by 20–40 °C. 
It also reduces the viscosity, which facilitates the release 
of gaseous components.

The aim of this work is to study of mechanisms occurring 
during glass melting with large amount of refined Calumite 
blast-furnace slag.

Research procedure

Analyzing the production of the glass industry, it can 
be pointed out that mainly glass is produced (almost 
90%) with a chemical composition from the system: 
 SiO2–Al2O3–CaO–MgO–Na2O/K2O. For this reason, five-
component model (basic) glass which in terms of physico-
chemical properties is close to colourless packaging glass 
as well as to household glass formed by means of automatic 
machines were selected for tests constituting the subject of 
this paper. Its chemical composition is presented in Table 1. 
This composition represents a wide group of commer-
cial glass types at the simultaneous minimization of their 
components.

Typical technical components of glassmaking material 
used in the industrial process of glass melting, that is, glass 
sand of I and II class, aluminium hydroxide, limestone flour, 
dolomite flour and sodium carbonate, were assumed as the 
raw materials base for model glass melts. Additionally, fin-
ing materials being the source of the gaseous phase in the 
glass mass such as: sulphate in the amount of 0.8 [mass 

Table 1  Model glass chemical composition

SiO2 Al2O3 CaO MgO Na2O

Oxide share/%
 73.0 1.0 10.0 2.0 14.0

Table 2  Chemical composition 
of used raw materials

Raw material Oxide share in a raw material/%

SiO2 Al2O3 CaO MgO Na2O K2O Fe2O3 As2O3 Sb2O3

Sand of II class 99.5 0.20 – – – – 0.04 – –
Aluminium hydroxide – 65.39 – – – – – – –
Lime 0.33 – 55.56 0.56 – – 0.08 – –
Dolomite 0.15 0.018 31.25 21.49 – – 0.018 – –
Sodium carbonate – – – – 58.4 – – – –
Sulphate – – – – 43.7 – – – –
Sodium nitrate – – – – 36.5 – – – –
Arsenic – – – – – – – 99.5 –
Antimony oxide – – – – – – – – 99.5

Table 3  Chemical composition 
of the used blast-furnace slag

Compound Content/%

SiO2 37.74
TiO2 0.96
Fe2O3 0.17
CaO 38.58
MgO 12.69
Al2O3 8.22
Na2O 0.31
K2O 0.55
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fractions/100 mass fractions of the batch] and multi-compo-
nent fining agent—a mixture of  As2O3,  Sb2O3,  NaNO3 in the 
proportions 1:1:1 in the amount of 0.4 [mass fractions/100 
mass fractions of the batch], each were used.

Model glass composition (the based batch BB) in %—
mass fractions/100 mass fractions of glass: sand of I/II 
class—73.3, aluminium hydroxide—1.3, lime—12.9, dolo-
mite—8.7, sodium carbonate—24.0.
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Fig. 1  DTA traces of basic batch (BB) + 0%, 5%, 15% Calumite slag
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Fig. 2  TG traces of basic batch (BB) + 0%, 5%, 15% Calumite slag
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Chemical composition of raw materials for model glass 
is presented in Table 2, and chemical composition of the 
used glass cullet and blast-furnace slag is given in Table 3.

Samples for testing were obtained by replacing Calumite 
natural resources in sets in the following quantities: 0%, 5%, 
15%, 25%, 35%, 45% [% mass].
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Fig. 3  DTA traces of basic batch (BB) + 25%, 35%, 45% Calumite slag
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Fig. 4  TG traces of basic batch (BB) + 25%, 35%, 45% Calumite slag
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The chemical compositions of the glass cullet and the 
blast-furnace Calumite were determined using a WD-XRF 
Axios Max spectrometer with Rh 4 kW PAN-alytical lamp.

Batches were prepared by weighing each component 
on laboratory electronic scales accurate to 0.01 g and then 

mixing and crushing them accurately to the grain size below 
0.1 mm. DTA/TG measurements were conducted on the 
samples with mass of 60 mg, which were placed in corun-
dum crucibles  (Al2O3). The heating process was conducted 
to temperature of 1400 °C, in the atmosphere of air at the 
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Fig. 5  DTA traces of basic batch (BB) + sulphate + 0%, 5%, 15% Calumite slag
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gas flow speed of 40 mL min−1 and temperature increase 
being equal to 10 °C min−1. The results recorded in the form 
of DTA/TG curves in the function of temperature with the 
use of a NETZSCH STA 449 F3 Jupiter thermal analyzer. 

Evaluation of DTA-TG curves was done by Netzsch Proteus 
software.

Phase identification was performed with X-ray diffrac-
tion analysis, using Philips X’Pert equipment at room tem-
perature with CuKα radiation over the range of 10°–70°2θ. 
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The morphologies of crystalline phases developed on heat 
treatment of bulk glass samples were examined by scanning 
electron microscope (SEM, Nova Nano SEM 200, FEI Com-
pany). Observations were performed with an attachment 
for the chemical analysis of specimens in microareas with 
energy dispersive X-ray spectroscopy (EDS). The obser-
vations were carried out in low vacuum conditions in the 
secondary electron mode. The samples were covered with 
a carbon layer.

Results of the thermal analysis

The basic batch (BB) and batches containing 
equivalent raw materials: BB + increasing content 
of Calumite slag

Thermal reactions that take place in the batch with the 
increase in temperature start with the evaporation of mois-
ture present in the sample. It is recorded on a curve (Figs. 1 
and 2) as an endothermic effect at 122 °C with a 5.3% mass 
loss of the melt. In the temperature of 284 °C, a weak endo-
thermic effect with a 0.6% mass loss occurs, which is char-
acteristic for aluminium hydroxide Al(OH)3. In the tempera-
ture of 438 °C, the endothermic reaction, which is attributed 
in the glass literature to the reaction between soda and the 
carbonates: dolomite and limestone and results in the forma-
tion of double carbonates  CaNa2(CO3)2 and  MgNa2(CO3)2, 
is weak. Small mass loss (ca. 0.4%) it is subject to indicates 
a simultaneous reaction with quartz  (SiO2) which results in 
a partial decomposition of carbonates that are being created 
with  CO2 release. Low stage of progress of this solid-phase 
reaction is due to restriction of its scope to contact surfaces 
of reactor grains participating in the process.

Polymorphous quartz transformation displayed on the 
DTA curve at 573 °C triggers the endothermic reaction 
of sand with soda (602 °C) and the formation of silicate 
 Na2SiO3 with the release of approximately 1.5% of  CO2. 
This is a surface reaction with a low degree of overreaction.

Further temperature increase leads to dolomite decom-
position, which is in two stages. The stages are displayed 
on the DTA curve at 769 °C and 792 °C and are accompa-
nied by  CO2 release in total amount of 7.4% mass loss. The 
effect decreases with the increase in slag content. At the 
temperature of 857 °C, limestone decomposes and another 

part of  CO2 is released. The same tendency is maintained 
with further samples.

In the temperatures above 900 °C, the eutectic alloy is 
formed as a result of the dissolution in soda of CaO and 
MgO oxides created formerly. In the course of alloy forma-
tion, sand grains are dissolved and soda silicates of calcium 
and magnesium, which is indicated by an exothermic reac-
tion at 1070 °C. With the increase in slag content, the tem-
peratures slightly go up. Liquid-phase formation (silicate 
melt) from granular batch modifies thermal characteristics 
of the heated sample, resulting in the increased heat trans-
fer rate from outside, which is reflected by climbing of the 
measuring curve.

The stage of material melting and formation of homoge-
neous glass melt is accompanied by a continuous release of 
the materials dissolved in it, amounting to ca. 0.3% mass loss 
in the range from 900 to 1300 °C, which gives a significant 
quantity, when calculated by volume.

With further increase in slag content (Figs. 3 and 4) we 
can observe a decline of the effect characteristic for alu-
minium hydroxide Al(OH)3, which can be explained by 
variations in reactors composition. The effect originating 
from dolomite decomposition decreases, whereas with 
the increase in slag content endothermic effects occur at 
1090 °C and 1178 °C, which indicates melting and eutec-
tic alloy formation (glass melt). Its narrow shape indicates 
acceleration and a change in process kinetics. This can be 
due to lower viscosity of molten slag containing less  SiO2 
and a large quantity of CaO. SEM/EDS analysis shows that 
the reaction is in the advanced stage of progress.

Batches with the addition of sulphate 
and increasing content of Calumite slag

In the presence of sulphate, the DTA/TG curves are very 
similar to the curves for solely slag admixtures (Figs. 5 and 
6). We can observe a decline of the effect characteristic for 
aluminium hydroxide Al(OH)3, which results from varia-
tions in reactors composition. There is a drop and transition 
to lower temperatures of the effect originating from dolomite 
decomposition. The difference is only in the manner mois-
ture evaporates, which is in two stages and involves removal 
of water of crystallization, when sulphate is used.

With the increase in slag content, endothermic effects 
are stronger, which indicates melting and eutectic alloy 
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formation (glass melt) (Figs. 7 and 8). The process com-
mences in temperatures lower by 30 °C, but is in a few 
steps. In the case of slag, where except for a glass phase, 
there also occurs other phases  Ca2MgSi2O7,  CuSiO3 and 
 SiO2 as it was determined by the XRD method, dissolu-
tion of the phases is extended in time. This is confirmed 
by the EDS/SEM analysis of samples melted at 1100 °C.

Batches with slag and the addition 
of multi‑component fining agent and increasing 
content of Calumite slag

Reactions in the lot containing a multi-component fin-
ing agent induce dehydration at several levels at 95 °C, 
135 °C and 165 °C. As a result, there is a of 5.8% mass 
loss (Figs. 9 and 10). This is connected with evaporat-
ing water, which could have been absorbed on  As2O3 and 
 Sb2O3 grains, which are hygroscopic. Similar as with pre-
vious experiments, further development of the DTA/TG 
curves is very similar to the curve paths with slag or slag 
and sulphate admixture. We can observe a decline of the 
effect characteristic for aluminium hydroxide Al(OH)3, 
which results from variations in reactors composition, 
and the effect originating from dolomite decomposition 
is reduced.

Further increase in slag content leads to a loss of the 
third effect connected with water release and slight tem-
perature reduction; however, the mass loss resulting from 
it is similar for both 0% slag (5.8% mass loss) and 45% 
slag (5.6%) admixture (Figs. 11 and 12). Reactions with 
silica, formation and melting of eutectic melts are milder 
than for sulphate admixing, but, similar as before, much 
lower degree of over-reaction can be observed at 1100 °C 
when compared to admixing of slag only or lower slag 
content in the batch.

SEM/EDS and XRD study

Observations SEM/EDS with the addition of 15% slag 
(Fig. 13) show a significant reaction of the components 
of the glass assembly. A significant content of the liquid 
phase appears, the chemical composition is similar to the 
composition of model glass. The increase in the addition 
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Fig. 13  SEM/EDS micrograph of the based batch (BB) + 15% of 
Calumite slag after treatment at 1100 °C
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of slag to 45% causes a reduction in the degree of conver-
sion of ingredients (Fig. 14).

The reduction in conversion is even more pronounced 
in the case of the addition of Calumite clarifying agents 
(Figs. 15, 16). Additionally, observed elements such as As, 
Sb, and Ti which adversely affect the behaviour of uniform 
composition of the final glass.

XRD analysis in Fig. 17 confirmed that in all analysed 
samples quartz is predominant as well as akermanite. Sam-
ples melt at 1100 °C can be characterised by the presence 

of cristobalite, but also by lower crystallinity. It can be 
related to the occurrence of glass phase or decomposition 
and recrystallization of the phases. Elevation of the back-
ground reveals the presence of the amorphous phase. The 
evaluation of the matched phases for the batches after heat 
treatment at 1100 °C, respectively, is presented in Fig. 17.
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Fig. 14  SEM/EDS micrograph of the based batch + 45% of Calumite slag after treatment at 1100 °C
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Conclusions

DTA/TG thermal analysis has been carried out for the 
batches with various Calumite slag contents and in the 
presence of two fining agents—Na2SO4 and  As2O3,  Sb2O3, 
 NaNO3 mixture in ratio 1:1:1. Results show a significant 
influence of increasing slag content in the batch on melting 
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Fig. 15  SEM/EDS micrograph of the batch + sulphate + 45% of Calu-
mite slag after treatment at 1100 °C
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process and a change in kinetics of processes taking place 
in it.

1. Increase in slag content in the batch leads to the loss 
of decomposition effect of Al(OH)3 and dolomite as a 
result of variations in reactors composition.

2. Addition of sulphate and a multi-component fining agent 
leads to a change in the manner moisture evaporates in 
the batch, which is one step for the basic batch and three 
steps for  As2O3,  Sb2O3,  NaNO3 mixture.

3. The increase in the slag content in the batch reduces the 
temperature the formation of eutectic alloy in the batch 
by 20 °C–30 °C and extends the process over time.

4. Admixing of fining agents for slag content above 25% 
impedes additionally the reaction rate and homogeniza-
tion of glass melt.

5. SEM/EDS and XRD analyses show a significant content 
of non-overreacted slag components at 1100 °C, and 
for batches with lower slag content the process is at the 
more advanced stage of progress.

The study shows that DTA/TG provides a sensitive 
method for finding differences in the process of melting 
glass batch with various admixtures.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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BB + 45% Calumite slag and sulphate (BB45_sulf), BB + 45% Calu-
mite slag and multi-component fining agent (BB45_NaAs_sb) after 
heat treatment at 1100 °C
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