359 Ceramica 67 (2021) 359-364

http://dx.doi.org/10.1590/0366-69132021673833089

Crystallization Kkinetics of glass prepared with foundry slag
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Abstract

Iron foundry slag and hydrated lime were used in glass preparation by the melt-quenching method. The glass obtained was heat-
treated using the thermal analysis technique. A crystallization kinetics study was carried out with glass powder samples using a non-
isothermal method at five different heating rates by differential scanning calorimetry (DSC). Considering that few studies compare
kinetic results obtained by different methods, in this work, the activation energy (E ) of the crystallization process was obtained
using the Kissinger and Augis-Bennett models for comparison purposes. The E_results showed negligible variation in comparing
the methods used, nevertheless, linear fitting of crystallization peaks was slightly better by the Augis-Bennett than the Kissinger
model. The Avrami index values showed an increasing nucleation rate for two stable phases and decreasing for the metastable
phase present in the glass-ceramic. Avrami indexes obtained also indicated an interface-controlled particle growth, whose scanning
electron microscopy images showed different morphologies of crystalline particles in the bulk of the glass matrix.
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INTRODUCTION

Production activities in any industrial process generate
solid waste and undesirable by-products during the processing
ofraw materials [ 1]. The steel industry, in particular,encounters
difficulties in handling its waste with different compositions
and quantities, generated by the smelting process [2]. This
waste is destined for a certified industrial landfill, which in turn
is generally far from the region where the foundry is located.
This waste handling is burdensome for the company, which
often searches for alternatives that result in inappropriate
waste disposal [2, 3]. Recycling is undoubtedly the most
interesting alternative, from an economic or environmental
point of view and often from a social aspect [4]. Foundry slag
is one of the by-products generated in large quantities during
the process. Its chemical composition may vary depending on
the raw material used, the production process, and its storage
[5]. Among its main constituents are simple oxides such as
silicon oxide (SiO,), magnesium oxide (MgO), iron oxide
(Fe,0,), and aluminum oxide (ALQ,), which are present
as major compounds [6]. Considering that silicon oxide is
a glass-forming material, there are some works that have
shown the transformation potential of silicate base residues
into glass and glass-ceramic products of great usefulness. The
process of obtaining glass-ceramic materials usually involves
silicate (residue) vitrification, or a mixture of several residues,
which begins with glass, followed by a crystallization process
to obtain the glass-ceramic [7]. Teixeira et al. [8] obtained
a glass-ceramic material of great importance in the civil
industry, using sugar cane bagasse ashes as the main raw
material. Folgueiras et al. [9] used discarded sand casting
material as a partial substitute for silica to produce glass.
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Other works show the use of a wide variety of casting slags
for different applications, such as concrete aggregate [10, 11],
non-plastic material embedded in structural red ceramic [12,
13], mortar additive [14], polymer composite reinforcement
[15], and geopolymer bricks [16]. There are no studies in the
literature on obtaining glass-ceramics from the slag from an
iron casting foundry. Accordingly, the aim of this study was
to determine the use of iron foundry slag for the production of
glass and glass-ceramic materials.

There are methods described in the literature to evaluate
the crystal nucleation and growth process in the glass matrix.
These methods are generally called kinetic models [17, 18].
The kinetic process involves the crystallization of the glassy
material, for which several model-fitting methods have been
developed on the basis of phase change [19]. The study of
isothermal kinetics is based on the mathematical model
known as the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
model, developed in the period of 1937-1939 [7, 19]. Glass
crystallization kinetics can be investigated isothermally or
non-isothermally using thermal analysis techniques, such
as differential scanning calorimetry (DSC) or differential
thermal analysis (DTA). These methods have been shown
to be appropriate for kinetic studies to obtain information
about the nucleation and crystal growth mechanism [7, 19,
20]. Several models have been proposed to determine kinetic
parameters for non-isothermal conditions, in which peak
crystallization temperatures (T ) are determined from the
thermal analysis curves [17]. Among these methods are the
Kissinger and Augis-Bennett methods. Kissinger proposed
a model that allows the determination of the crystallization
activation energy (E ) according to [21-24]:

1 F) _ Ea
n F =- RTp + constant (A)
p

where [ is the heating rate, R is the universal gas constant,
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and E_ is obtained by linear regression of In(3/T ?) versus
I/T . The Augis-Bennett method provides the modified
Kissinger method to determine the activation energy (E))
according to [25]:

In b =- E, + constant

T,-300 R.T, B)
where E_ is obtained by linear regression of the 1n[ﬁ/(Tp-300)]
versus 1/T . The Avrami index (n) is an important parameter
for kinetics study since it provides information about crystal
nucleation and growth [24-26]. With the E_ values obtained,
the Avrami index (n) can be calculated from Eq. C proposed by
Augis-Bennett [25]:

N
~ AT (E) ©
where n is related to the predominant crystallization
mechanism, and AT corresponds to the width at half-
height of the crystallization peak. In the present study, the
Kissinger and Augis-Bennett models were used to determine
the activation energy and the kinetic parameters of the glass-
ceramic material obtained from the foundry slag. The kinetic
values found by these methods were compared to evaluate
their agreement.

EXPERIMENTAL

The foundry slag used was collected at factories in
Presidente Prudente county, Sdo Paulo state, Brazil. The
slag was ground and sieved using a 30 mesh sieve. An
aliquot of slag was subjected to chemical analysis by X-ray
fluorescence (XRF) spectroscopy using a Shimadzu EDX-
7000 spectrometer to determine the chemical composition,
in terms of oxide percentage. The quantitative analysis
was done in the air using powdered material. The glass
composition was determined using the XRF results of the
slag and the ternary phase diagram system SiO,-AlO,-
CaO. Slag was mixed with hydrated lime [Ca(OH),] and
potassium carbonate (K,CO,) to lower the melting point
of silicon dioxide present in the slag. The glass melting
temperature was determined using the method of Chengyu
and Ying [27] and estimated to be below 1500 °C. The glass
composition was 46 wt% slag, 40 wt% hydrated lime, and
14 wt% potassium carbonate.

The mixture was transferred to alumina crucibles
(5 cm in diameter by 10 cm in height) and placed in an
oven (1700 °C equipment, SF-M220605, Servifor) for
melting using a heating rate of 20 °C/min up to 1450 °C

and a holding time of 1 h for melting of the components.
Subsequently, the alumina crucible was removed from
the oven and the liquid was quickly poured into a vessel
containing distilled water for rapid cooling (melt-
quenching method), producing a glass frit, which was
milled down to particles of 80 um. The glass powder was
used to make pellets with 1 cm in diameter and 0.5 g mass,
using a Shimadzu uniaxial manual press and 20 kN of force
applied for 3 min. The pellet glass was thermally treated at
900 °C for 1.5 h with a heating rate of 10 °C/min using an
EDG-2000 muffle to obtain the glass-ceramic. The glass
and glass-ceramic were characterized by X-ray diffraction
(XRD) using a Shimadzu XRD-6000 diffractometer, with
CuKa, (A=1.5406 A) and CuKa, (\=1.5444 A) radiation,
40 kV voltage, and 30 mA current. Scanning was done in a
20 range from 10° to 80°, using divergence and reception
slits with 1° opening, in continuous mode, with 0.02° step
and 2 °/min scanning speed.

Glass crystallization kinetics was studied by the
non-isothermal method, where a small amount of glass
powder was subjected to thermal analysis, differential
scanning calorimetry (DSC, SDT Q600, TA Instr.), from
room temperature up to 1200 °C. DSC scanning was
conducted under air flow (100 mL/min) using an alumina
crucible as a reference at different heating rates (5, 10,
20, 25, and 30 °C/min). The crystallization activation
energy was obtained from the equations proposed by the
Kissinger and Augis-Bennett models. The Avrami index (n) was
determined with the modified Kissinger equation using the E,
values obtained by the Kissinger and Augis-Bennett models.

RESULTS AND DISCUSSION

Table I shows the results of quantitative chemical
analysis obtained from the XRF results of the foundry
slag. The results showed that the main component, with
the highest concentration in the slag, was SiO, followed by
Fe 0,,AlLO,, MnO, Ca0, and MgO. It is worth mentioning
that, among the oxides determined, SiO, was the oxide
responsible for the glass network formation (network
former). The higher or lower concentration of this oxide
was directly related to the viscosity of the glassy material
obtained. Alumina can act as a former or network modifier
(as well as Fe O,, ZrO,, and TiO,), being responsible
for glass stability and also contributes to its viscosity.
Calcium, magnesium, and potassium oxides act as network
modifiers, contributing to the decrease in viscosity and
melting point [28].

Fig. 1 shows the XRD patterns of the glass and glass-
ceramic material obtained after glass heat-treatment

at 900 °C for 1.5 h. The glass diffractogram (Fig. 1a)

Table I - Chemical composition (wt%) of slag by XRF analysis.

Si0,  Fe,0, ALO,  MnO Ca0

MgO TiO,  Cr0, K,0 710

540 18.2 12.8 5.8 29

2.1 09 0.6 0.5 04
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showed a band around 26=30°, characteristic of amorphous
material, indicating that the glass obtained had no structural
ordering, as predicted. The diffractogram of the glass-
ceramic material (Fig. 1b) showed the formation of three
major crystalline phases: merwinite [Ca,Mg(SiO,),],
akermanite [Ca,Mg(Si,0.)], and calcium aluminum silicate
(CaALSiO,), identified by JPCDF files 89-2432, 35-592,
and 31-249, respectively. It is worth remembering that some
peaks, especially those with low intensity, corresponding
to the calcium aluminum silicate phase, showed a slight
displacement around their positions (20), suggesting that this
phase may present small stoichiometric variations, resulting
from complex reactions between metastable phases or even
with a residual glass phase. These reactions are common in
most glass-ceramics with multicomponent nature in their
composition, as it is obtained with foundry slag [29].
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Figure 1: X-ray diffraction patterns of: a) glassy material; and b)
glass-ceramic.

Fig. 2 shows the DSC thermogram and the peaks obtained
for the different heating rates (5, 10, 20, 25, and 30 °C/min)
up to 1200 °C. The results showed that with an increase in
heating rate, the sample crystallization peaks around 900 °C
were more evident. This was due to the higher energy per
unit time provided by the system for phase crystallization.
As this energy increased, the phase crystallization process
occurred more rapidly and the heat flux was recorded more
clearly.

Fig. 3 shows the crystallization peaks around 900 °C
for different heating rates. It can be seen that the increase
in heating rate influenced the peak position, shifting the
crystallization temperature higher, as determined by the
DSC curve. Crystallization peak fitting was performed
to obtain a better definition of crystallization peak with
temperature. The deconvolution of each peak was done,
fitting three curves corresponding to the three major
phases identified after crystallization. The peak fitting and
deconvolution can be observed in Fig. 4. With the best fitting
of the crystallization peaks, there was more than one peak
in the heating rate of 10 and 25 °C/min. This might have
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Figure 2: DSC thermograms of glassy samples for five different
heating rates.

been associated with the presence of particles smaller than
80 um used in this work, which might have been selected
at these two heating rates. According to Romero et al. [30],
particles with different dimensions show variations in the
crystallization and crystal growth processes. Fractions
smaller than 100 um may exhibit crystallization peaks
at slightly different temperatures, which increase with
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Figure 3: Crystallization peaks obtained for different heating rates.
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Figure 4: Deconvolution of crystallization peaks.

Table II - Peak temperatures (crystallization temperature -
T..°C) for the DSC curves fitted for different heating rates.

Heating rate (°C/min)

Peak
5 10 20 25 30
I 836 839 872 883 895
1I 842 876 888 893 905
11 848 837 905 921 925

decreasing particle size and heating rate [30]. By means of
these fitting and deconvolution measures, the crystallization
temperature (T)) for each peak according to the heating
rate was obtained. The results are shown in Table II. Fitting
showed that the crystallization temperature of peaks I, II,
and III increased for their respective heating rate, indicating
that the phases crystallized at slightly different temperatures.

For each adjusted peak, the activation energies were
determined using the TP shown in Table II. The activation
energy was determined using the Kissinger and Augis-
Bennett methods for comparison purposes. Fig. 5 shows
ln([.’)/sz) plotted against l/Tp for the Kissinger equation and
1n[[3/(Tp-300)] against 1/TP for the Augis-Bennett equation.
Table III shows the activation energy (E)) values and the
correlation coefficient (r) of the three crystallization peaks
obtained by the Kissinger and Augis-Bennet methods,
calculated using the angular coefficient of the linear
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Figure 5: Kissinger and Augis-Bennett linear fitting.

Table III - E, and r values obtained by different methods.

Kissinger Augis-Bennett
Peak
E, (kJ/mol) r E, (kJ/mol) r
I 326+34 0.984 298+4 0.999
II 308+43 0.972 309+3 0.999
I 23449 0.997 232+2 0.999

regression fit, according to Eqgs. A and B for each method.
Calculations were performed according to the straight lines

shown in Fig. 5.

It can be seen that E_obtained with the Kissinger method
for the three peaks showed a margin of error greater than
that obtained with the Augis-Bennett method. However,
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Figure 6: SEM images of the glass-ceramic sample treated at 900 °C for 1.5 h, after HF (0.5%) etching for 60 s. The arrows indicate the glassy region.

Table IV - Avrami index (n) values using activation energy
with the different methods.

Peak n (Kissinger E)  n (Augis-BennettE )
I 5.66 6.02
I 3.74 3.75
11 436 4.38

there was no significant difference between the two methods
when comparing the E_of each peak. The correlation
coefficient of fit with the Augis-Bennett method was better
than that obtained with the Kissinger method, being closer
to 1. This explained a better linear fitting of the peaks, as
observed in Fig. 5. In the literature, there are works on glass
crystallization kinetics with similar compositions as ours
and with crystallization temperatures close to or greater
than that found in this work. Yu et al. [31], for example,
studied the crystallization kinetics of glasses in the CaO-
MgO-Al0,-Si0, system containing different iron contents.
The E_ values obtained ranged from 384 to 602 kJ/mol to
the peaks with crystallization temperature between 990 and
1030 °C [31]. In the work of Teixeira et al. [32], whose
crystallization kinetics was evaluated in glasses of the SiO,-
AlO,-Ca0 system, E_in the order of 223 to 572 kJ/mol was
found with crystallization peaks ranging from 879 to 1011
°C. It can be observed, therefore, that fluctuations in the E,
values corresponding to the crystallization peaks are directly
related to the composition of the studied glasses, considering
that different formed phases, coming from different glass
compositions, require different energies to be formed.

The Avrami index (n) was determined using the
activation energy value of each peak, previously obtained
by the Kissinger and Augis-Bennett methods. These indices
were determined using Eq. C and the values are shown in
Table IV. It can be seen that the Avrami indices for peaks

I and III were higher than 4, for both methods used. These
values indicated an increasing nucleation rate [33-35].
The n value for peak II was between 3 and 4 indicating a
decreasing nucleation rate [33-35]. From these results, we
can assign peak II to the metastable phase (calcium silicate),
which presents a decreasing nucleation rate when evolving
to a stable phase. The I and III peaks corresponded to the
akermanite and merwinite phases, respectively, whose
increasing nucleation rates indicated the predominance in
the glass-ceramic structure, as stable phases. According
to Holand and Beall [29], akermanite presents itself as a
minority phase in slag-based glass-ceramics, as it comes
from elements that are not glass-forming. In this context, the
akermanite can become less stable, when compared to the
merwinite phase and, therefore, the activation energy for its
nucleation and growth in relation to the merwinite phase is
greater, as observed in Table III.

The scanning electron microscopy (SEM) images (Fig.
6) showed the presence of several particles with different
morphologies crystallized inside the glassy region (indicated
by arrows). This difference in morphology may be associated
with the different crystalline phases present in the sample,
although it was not possible to associate the morphologies
to each phase. The Avrami indexes obtained indicated an
interface-controlled growth of these observed particles.

CONCLUSIONS

Glass and glass-ceramic material, composed of three
crystalline phases, were successfully obtained from foundry
slag. The kinetics around the single crystallization peak,
deconvoluted into three other peaks corresponding to the
crystallized phases, were studied by two different non-
isothermal methods (Kissinger and Augis-Bennett). The
results showed very close activation energy values for both
methods, although the linear adjustment using the Augis-
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Bennett method was slightly better. The Avrami index
indicated for peaks I and III, corresponding to the stable
phases akermanite and merwinite, respectively, an interface-
controlled growth with an increasing nucleation rate. On
the other hand, for peak II corresponding to the calcium
silicate metastable phase, it indicated an interface-controlled
growth with decreasing nucleation rate. SEM images of the
material showed three-dimensional crystal growth with
polyhedron morphology. The kinetic parameters evaluated
by the different methods used showed good approximations,
suggesting that the methods converge the kinetics studies
for similar results. In addition, they revealed important
characteristics of the nucleation and growth of crystals
formed in a glassy matrix obtained from foundry industry
residues.
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