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Abstract: The crystallization behavior and kinetics of CaO—-MgO—Al,05—Si0, (CMAS) glass with the Fe,O; content ranging from
zero to 5% were investigated by differential scanning calorimetry (DSC). The structure and phase analyses were made by Fourier
transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). The experiment results show that the endothermic peak
temperature about 760 °C is associated with transition and the exothermic peak temperature about 1000 °C is associated with
crystallization. The crystallization peak temperature decreases with increasing the Fe,O; content. The crystallization mechanism is
changed from two-dimensional crystallization to one-dimensional growth, and the intensity of diopside peaks becomes stronger
gradually. There is a saltation for the crystallization temperature with the addition of 0.5% Fe,O; due to the decomposition of Fe,Os.

Si—O0—Si, O—Si—O0 and T—O—T (T=Si, Fe, Al) linkages are observed in Fe,O;—CaO-MgO—Al,0;-Si0, glass.
Key words: CaO-MgO—AL,0;-Si0, glass; Fe,0s; diopside; crystallization; kinetics

1 Introduction

The glass-ceramics based on CaO—-MgO—ALOs—
SiO, (CMAS) quaternary system, which are mainly
produced from inexpensive natural or synthetic
materials, such as fly ash, blast furnace slag, basalt, oil
shale, granite and tuff, have received increasing attention
during the past few decades. Blast furnace (BF) slag is
one of the most abundant solid by-products in steel
plants. Currently most of BF slag in China has been used
for cement manufacturing and civil engineering, and the
remaining amount is deposited in landfill. BF slag, which
is mainly composed of CaO, SiO,, Al,O; and MgO, is
the excellent raw material for the production of glass-
ceramics [1]. Recycling these slags is necessarily
beneficial not only for economy, but also for
environmental friendly steel plants.

Glass-ceramics  were usually prepared by
controlling nucleation and crystallization. Lots of
researches about preparation of glass-ceramics from
solid waste have been done [2—4]. Some additives such
as Cr,03, TiO,, CaF,, MgO and CaO [5,6] used as fluxes
or nucleation agents were reported. Recently, the effect
of MgO on the glass-ceramics crystallization and
structure was investigated [7]. With increasing MgO
addition, the glass ceramic crystallization kinetics under
non-isothermal conditions was changed from bulk
crystallization to surface crystallization, and new crystal
phases of Ca,MgSi,O; and SiO, were induced. Fe,O;
played an important role on nucleation or crystallization
behavior as well as the heat-treated time. LI et al [8]
studied the effect of Fe,O5 on the crystallization kinetics
of Baiyunebo tailing. It was found that Fe,O; provided
the core of nucleation for the consequent precipitation of
augite crystals, and could effectively mend the Si—O net
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structure when the Fe,O; content reached 13.3%.
ALIZADEH et al [9] researched the effect of Fe,O3 on
the sinterability and machinability of Fe,0;-doped glass-
ceramics in the system MgO—-CaO-SiO,—P,0:s.
ROMERO et al [10] studied the influence of Fe,O;
content on the main crystalline phase of MgO—CaO—
Si0,—Fe,0; glass-ceramic and the size of franklinite.
KARAMANOV et al [11] prepared glass-ceramic from
two hazardous industrial wastes: mud (goethite and
jarosite) originating from the zinc hydro-metallurgical
process and electric arc furnace dust, and discussed the
influence of Fe’"/Fe** ratio on the crystallization. WANG
et al [12] investigated the nucleation mechanism,
crystallization behavior and infrared radiation properties
of MgO—-ALO;—SiO, system glass when Fe,O; was
doped.

Fe,O; is unavoidable in solid wastes, especially in
BF slags and steel slags. It is significant to research the
glass-ceramics containing Fe,Os. The aim of this work is
to investigate the effect of Fe,O; on the structure and the
crystallization behavior of CMAS quaternary system
glass, as well as the crystallization kinetics, and to take
advantage of Fe,O; to the production of glass-ceramic
from BF slag or steel slag.

2 Experimental

2.1 Sample preparation

Five basic glass samples, with chemical
compositions presented in Table 1, were prepared by
mixing Si0,, Al,O3;, MgO, CaO and Fe,O;. The melting
of these glass samples was carried out in corundum
crucible using a high temperature furnace with MoSi,
heating element. The melts were kept at 1450 °C for 2 h,
and were immediately poured on a pre-heated metallic
mould with annealing at 500 °C for 2 h to obtain the
basic glass samples.

Table 1 Chemical compositions of samples

Sample Mass fraction/%
No. CaO MgO  ALO; SiO, Fe,03
1 21.000  15.000 10.000  54.000 -
2 20.895  14.925 9950  53.730  0.500
3 20.790  14.850  9.900  53.460  1.000
4 20.580  14.700  9.800  52.920  2.000
5 20.370  14.550  9.700  52.380  3.000

2.2 Thermal measurements

Differential scanning calorimetry (DSC) analysis
was made using a Netzsch STA 449F3 thermal balance
from 200 to 1200 °C. The particle size of the basic glass
samples ranged from 74 to 104 pm. The DSC profiles
were automatically recorded at different heating rates.

Based on the
temperature varied with the heating rates, the activation
energy of crystallization was calculated. The heating

principle that the crystallization

rates were selected as 5, 10, 15, and 20 °C/min.

2.3 Morphology and microstructure analysis

X-ray diffraction analysis (D/max—TTRIII, Rigaku
Japan) was performed using a graphite monochromatic
Cu K, radiation. The X-ray patterns were obtained by
measuring 260 from 10° to 70° with a step size of 0.02°.
Fine powders of the samples were mixed with KBr
powders in a mass ratio of 1:100 and the mixtures were
suppressed in a die to produce clear homogeneous disc.
The basic glass samples were measured at room
temperature in the wave number range of 2500—500 cm '
using a Fourier transform infrared spectrometer
(AVATAR, FT-IR360, ThermoNicolet, America).

3 Results and discussion

3.1 DSC Analysis

Figure 1 shows the DSC profiles of glass samples
with different amounts of Fe,O; at heating rates of 5, 10,
15, and 20 °C/min. It can be found that both the glass
transition temperatures 7, and crystallization peak
temperatures 7, decrease with increasing the Fe,O;
content. However, the trends of crystallization peak
temperatures 7, as well as the endothermic peak shape
and its intensity, are alike. It should be noted that the
crystallization peak temperatures of Sample 2 at different
heating rates decrease sharply which are even lower than
those of Samples 3 and 4. The tendency can be seen from
Table 2 which summarizes the important characteristics
of DSC profiles from different samples as well as
different heating rates. This can be explained by the
transformation of Fe,O; from Fe®' to Fe?" as follows:

Fe,0;3—2Fe0+1/20, (1)
3F620322FC3O4+1/202 (2)

As was reported in Ref. [13], Fe*" reduced the
viscosity of glass, while Fe’* was considered as an
intermediate ion and might cause an opposite influence
on the viscosity of glass. It could be conjectured that
trace amount of Fe,O; in CMAS quaternary system is
decomposed and Fe’" is changed into Fe*. With
increasing the Fe,O; content, the ratio of Fe*'/ Fe*" and
the viscosity increase. A saltation occurs for the
crystallization peak temperature (7,,) with the addition of
0.5% Fe,0;.

3.2 Calculation of crystallization kinetics

The crystallization kinetics was determined by the
DSC profiles at different heating rates. The activation
energy of crystallization, £,, was calculated from the
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Fig. 1 DSC profiles of five glass samples at different heating rates: (a) 5 °C/min; (b) 10 °C/min; (c) 15 °C/min; (d) 20 °C/min

Table 2 Crystallization peak temperatures of different samples
at different heating rates

Sample Crystallization peak temperature/°C
No. 5°C/min  10°C/min 15 °C/min 20 °C/min
1 994.4 1015.3 1026.5 1038.9
2 972.4 991.2 1004.5 1018.6
3 990.4 1008.1 1020.0 1030.6
4 975.6 997.8 1010.5 1017.0
5 969.9 986.6 992.2 999.5

exothermic DSC crystallization peak temperatures using
the Kissinger equation as follows [14]:

2
ln{T—pJ = ln[gj + £y +C

a R RT,
where T, is the crystallization peak temperature (K), a is
the heating rate (K/s), E, is the activation energy of
crystallization (J/mol), R is the mole gas constant
(8.314 J/(mol-K)), and C is a constant.

The plot of ln(Tp2 /a) as a function of 1/7, gives a

straight line, and the slope takes the value of E,/R. The
Avrami constant n, describing the dimensionality of

€)

crystal growth, can be calculated by the Augis—Bennett
equation as follows [14]:

[ 2.5 ] RT}
n= X
ATFWHM Ea

where ATrwnwm is the full width of the exothermic peak at
the half maximum crystallization
mechanism can be determined from the Avrami constant
n. The Avrami constant n close to 1, 2, 3, and 4 means
one-dimensional growth, two-dimensional crystallization,
three-dimensional growth (bulk crystallization), and
homogeneous crystallization [15], respectively.

The plots of ln(Tp2 /a) versus 1/T, for all the
samples are shown in Fig. 2. The activation energy of
crystallization £, and the Avrami constant » are listed in
Table 3. It can be found that the activation energy of
crystallization E, with the addition of 0.5% Fe,O; is the
lowest. The maximum Avrami constant 1.96 means
two-dimensional crystallization. With increasing the
Fe,Os content, the Avrami constant n decreases, and the
crystallization mechanism is changed from two-
dimensional crystallization to one-dimensional growth.

According to Dietzel’s ionic field strength theory,
McMILLAN [2] reported that when 7 (/=z/+*, where z is

(4)

intensity. The
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Table 3 Activation energy (E£,) and Avrami constant (n) for

crystallization
Sample No. E,/(kJ-mol ") n
1 416.97 1.95
2 384.64 1.96
3 454.78 1.84
4 418.67 1.71
5 602.79 0.81

the cation charge, and r is the radius of ion) was greater
than 5 A, the metal ions formed nets in glass system;
when 7 was less than 5 A, the metal ions were outside
the nets; when / was equal to 5 A7, the effect of metal
ions was dependent on the concentration of monovalent
or divalent metal ions in glass. If the concentration of
monovalent or divalent metal ions in glass was high, it
would fill the nets in glass system. Otherwise, it would
do damage to the nets in glass system. The ionic field
strengths of Fe** and Fe'* were 3.65 and 7.32 A7,
respectively [16]. The ionic field strength of Fe** was
less than 5 A% Fe*" acted as net breakers in the anionic
structure, and destroyed the [SiO,] tetrahedron nets in
glass system. Thus, the activation energy of
crystallization and the crystallization peak temperature
decreased. With increasing the Fe,O; content, Fe*
played a major role in mending nets and accumulation of
[SiOy4] tetrahedron, thereby improving the viscosity and
the oxidizing atmosphere. Thus, the activation energy of
crystallization and the crystallization peak temperature
increased.

3.3 Structure and FTIR analysis

Fourier transform infrared spectroscopy analysis of
the basic glass samples was also conducted. As shown in
Fig. 3, the absorption bands are divided into three parts.
The first part in the range of 1200850 cm ™' is the most
intense broad band. This part is assigned to the stretching

vibrations of Si— O —Si linkages in the [SiOy]
tetrahedron unit [17,18]. With respect to the aluminum
coordination in glass structure, this broad band is in
accordance with the infrared spectroscopy of potassium
feldspar with [AlO,] for the stretching vibration of
Al—O—Al linkages. The band between 800 and
600 cm ' is the second part, which shows the aggregation
structure of glass, namely, the symmetric stretching
vibrations of the tetrahedral structure including T—O—T
(T=Si, Fe, Al) [19]. The third part starts at 600 cm ', and
goes down at about 400 cm ™. This group corresponds to
the bending vibrations of O—Si—O linkages.

T—O0—T

O0—xSi—O

Sample 5

2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 3 FT-IR profiles of basic glass samples

In Fig. 3, the five profiles are similar with each
other, but it can be noticed obviously that the plot of
Sample 2 is wider than that of the other four samples in
the range of 1200—850 cm'. This is in accordance with
the change of crystallization peak

Meanwhile, in the range of 800—600 cm ', it is found

temperature.

that the absorption peak shifts from high frequency to
low frequency, and then to high frequency again. This
confirms that the polymerization degree of T—O—T in
Sample 2 is the lowest.

3.4 XRD analysis

Figure 4 shows the X-ray diffraction patterns of
the basic glass samples nucleated at 800 °C for 2 h and
crystallized at 1050 °C for 2 h. The main phases of
diopside (Ca(Mg,Al)(Si,Al),O¢) and wollastonite-2M
(CaSi0;) are observed in Fig. 4. It can be noticed that,
with increasing the Fe,O; content, the intensity of
diopside becomes stronger gradually. Sample 1 is
amorphous as some of the diopside peaks are not visible
clearly. As was reported in Ref. [20], the glass-ceramics
based on diopside, with excellent mechanical properties,
high abrasive resistance and good chemical resistance,
were good candidates for decorative materials in
construction field.
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Fig. 4 XRD patterns of glass-ceramics samples
4 Conclusions

1) The endothermic peak temperature about 760 °C
associated with transition and the exothermic peak
temperature about 1000 °C  associated with
crystallization were found when the Fe,0;—CaO—-MgO—
Al,O;-Si0, basic glass was heated. With increasing the
Fe,O; content, the glass transition temperature 7, and
crystallization temperature 7, decrease. There is a
saltation with the addition of 0.5% Fe,O; due to the
decomposition of Fe,0;.

2) The general trend of the activation energy of
crystallization with increasing the Fe,O; content is down.
Si—0—Si, O—Si—O and T—O—T (T=Si, Fe, Al)
linkages are observed in Fe,O;—CaO—MgO—Al,05;—Si0O,
glass.

3) As the Fe,O; content increases, the crystallization
mechanism is changed from two-dimensional
crystallization to one-dimensional growth, and the
intensity of diopside peaks becomes stronger gradually.
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